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PREFACE 


I UK present book is based on a course of advanced lectures 
delivt'red liy the author at King’s College, London, during 
the Lent lenn of i<)io; but the greater part has been entirely 
rewritten so us to incorporate tht? results of the large amount 
of research carried out in the throe years since these lectures 
were given. 

The only account of the subject of photo-electricity that 
has so far Imcn publislied in the English language is that 
contained in Sir J. J. Thomson’s book. The Conduction of 
Htectrkity through Gases (St'cond Edition, 1906). A summary 
of later work, up to tlu« year 1909, has been published by 
K. laidenburg in (iertnun in an article of 60 pages in the 
Jahrbuch dtr Radio-akihitdt. Since this appeared no detailed 
survtty of the whole subject has l)cen attempted. Although 
many interesting questions still await investigation, the work 
done* during the last few years luis settled the foundations of 
the subject on a firm basis, and tluTefore the present appears 
a favourable time to give a connected account of what has 
lKX*n accomplished. 

Starting from the observation of Hertz in 1887 that the 
incidence of ultra-violet light facilitated the passage of an 
electric spark, and from the discovery of Hallwachs, im- 
mediately following, that a negatively charged body readily 
lost its cliarge when illuminated by ultra-violet light, the 
subjtud reached its culminating {loint in the identification and 
measurement of the natural unit of negative electricity, the 
electron or corpuscle, by Sir J. J. 'I'homson in 1899. Thus 
photo-electric action, from the point of view of our present 
theories, is the stqiaration or liberation of negative electrons 
from matter under the influence of radiation, generally of 
short wave-length. It remains then to determine how the 
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velocity and the number of the electrons emitted depend upon 
the conditions of the experiment, and if possible to form some 
conception of the mechanism of the process by which the 
incidence of electro-magnetic waves results in the emission of 
electrons. Thus our subject is connected, in the most inti- 
mate fashion, with one of the outstanding questions of modern 
physics — ^the nature of radiation. It may well be that further 
study of photo-electric phenomena will serve to reconcile the 
quantum or unitary theory of radiation with the accepted 
undulatory theory of light. Some progress at least in this 
direction has been made already, and it would appear prob- 
able that the emission of energy in radiation is discontinuous 
because the emission of electrons is discontinuous. 

It will be seen from the introductory chapter, which gives 
an outline of the whole, not only that the subject is of great 
theoretical interest, but also that it is connected with ques- 
tions of great practical importance through its relation to 
photo-chemical processes of all kinds. In the later chapters 
the subject is developed in greater detail, with due regard to 
the historical setting of each investigation. Special attention 
may perhaps be directed to the chapters dealing with the 
influence of the character of the light on photo-electric phe- 
nomena, and with the theories of photo-electric action. The 
chapter on photo-electric fatigue deals with a part of the 
subject which I have myself specially investigated. In dis- 
cussing fluorescence and phosphorescence I have given an 
account of the theories of Stark and of Lenard, which have not 
as yet been described in any English text-book. In the last 
chapter I have considered the bearing of the facts of photo- 
electricity on photo-chemical processes in general and photo- 
graphic changes in particular, and I have endeavoured to 
develop the view taken by Professor Joly as to the nature of 
the latent photographic image, and have attempted an ex- 
planation of the complicated phenomena of photographic 
reversal. 

In connection with the diagrams illustrating the text I 
am indebted to the Royal Society of London, the Royal 
Society of Edinburgh, the Royal Photographic Society, 
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CIlAFrisR I 
IN-I'RODUrTORY 


Tm- tmn Phattwlertrifity i s us cdjnjii^cncral sense to desig- 
nute any tdfctrieal e fftict due to t he in|m!nc7of 
the (iiiingn of ehsctncal resistnnro of seit'imTmrwhen exposed 
to light, is siK)ken of as a photo-electric action. In this book 
the term is used in a raorts restricted sense, to denote a change 
in the state of electrification of a body jiroduced by the action 
of light. Since ultra-violet radiation is most effective in 
bringing alKiut such changes, the term Actino-clcctricity is 
sonu'times used. 

In accordiinco with modern electrical theory we regard 
light as an electro-magnetic disturbance, and a change in 
electrification as due to the addition or removal of negative 
. electrons. From this standpoint, a photo-electric change is 
ft|tuvalcnt to the liberation of negative electrons under the 
influence of electro-magnetic waves. Such a process is of 
fundamental importance, not only in those cases where a 
change of electrification is residily detected, but also in con- 
nection with many other phenomena where the observed effect 
is of a stuHjndary cliaraeter. Amongst these we may include 
the change in the eU'ctrical resistance of a body due to illu- 
mination, fluorescence and phosphorescence, and all photo- 
chemical transformations. 


The first ob)«?rvation in connection with photo-electricity 
was made in by Ilcrtx,* who noticed that, when ultra- 
violet light fell U|K)n u spark-gap, the electric discharge took 
place more ejisily than when the gap was not illuminated. 
The s(mrct* t>f light might be a dist'harge across a second spark- 
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actinic quality of the source of light employed, the more 
powerful the effect. 

In the following year Wiedemann and Ebert * showed that 
the action has its seat at the kathode, or negative terminal of 
the spark-gap. 

In the same year, 1888, Hallwachs f made the important 
discovery that a body carrying a charge of negative electricity 
readily loses that charge when ultra-violet Hght falls upon it ; 
on the other hand, if the body is positively charged, it is not 
discharged under the influence of light. This is generally 
referred to as the Hallwachs effect ; its great significance lies 
in the fact that there is here a difference between positive and 
negative electrification — a difference that has played its part 
in the development of the electron theory. A little later 
Hallwachs and Righi showed, independently, that a body 
carefully insulated, and at the outset free from charge, would 
acquire a positive charge if exposed to ultra-violet light. The 
experiments referred to were carried out with brightly polished 
metal plates. 

The experimental methods for studying the photo-electric 
discharge were developed by Hoor, Righi, and Stoletow. If 
an electric field is applied by making the illuminated metal 
form one plate of an air condenser, the second plate of which 
is charged positively by a battery, the continuous current 
produced can he measured by a quadrant electrometer or a 
sensitive galvanometer. By applying a sufficient potential 
difference the current becomes approximately independent of 
the electric field, and this “saturation” current may be 
regarded as a measure of the photo-electric activity of the 
metal. 

The experiments of Elster and Geitel | in 1889 showed that 
electropositive bodies, hke sodium and potassium, manifest 
photo-electric activity when exposed to ordinary light. 
Rubidium, which is still more electropositive, loses a negative 
charge when illuminated by the light from a glass rod which 

« ‘Wiedemaim and Ebert, Ann. d. Physik, 33 , p. 241, 1888. 
f HaUwachs, Ann. d. Physik, 33 , pp. 301—312, 1888. 

:f Elster and Geitel, Ann. d. Physik, 38 , pp. 40, 497, 1889. 
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is just heatc'd to redness. Less electropositive metals show 
smaller activity, yet even metals such as zinc and aluminium 
exhibit the photo-electric effect when exposed to sunlight ; 
but this is only tlu' case when the surfaces are freshly polished. 
If the plates are allowed to stand in air, their activity rapidly 
tliminishes. This is known as the “ fatigue ’’ of the Hallwachs 
effect. 

As in so many otluT instances, the scientific .study of an 
olwcuri* phinunnenon has resulted in an unforeseen practical 
return. Hallwachs* found that a plate, coated with copper 
oxitle (t'uO), prt!.s('rved in a small air-tight chamber, showed 
a photo-ekH'tric activity that was constant over long periods 
of time. On this he based a method of photo-electric photo- 
metry, in which tlu^ intensity of the radiation was measured 
by the saturation current through a photo-electric cell contain- 
ing copper oxitU^ as the. substance sensitive to light. This 
method was us(«d by R. Lindemann f in an investigation of 
the radiation from an arc lamp. Elster and Geitcl.J who had 
ulreatiy suggested the use of a zinc sphere for the photometry 
of ultra-violet light, have described a photo-electric cell de- 
signed for the measurement of the intimsity of sunlight or 
daylight. In this case the .sensitive surface is of potassium, 
I>Iaccd in an atmosplu're of argon or helium to secure per- 
manence. 'fhe instrument resembles a small gun, and is 
mounted like a theodolite. It has been employed by Dember§ 
in a determination of the number of molecules in one gram 
molecult! of a gas by observations on the absorption of sun- 
light in the atmosphere. Other photo-electric photometers 
have been constructed by Bcrgwitz|| and by Raymond 11 for 
the measurement of solar radiation. This method of photo- 
metry has scarcely met with the recognition which it deserves 
on account of its convenience and simplicity. 

* HtillwacIiM. Phfs, Zfil., 6. p. 489. 

t Ann. d. Physih, 19 , pp. 807-840. 

i I-:bter and Gcitel, Phys. Znii., IS, pp. 609 - 6 ( 4 , 19 ( 1 ; 18, pp. 739-744, 
1913 . 

I JXsmter, Gmll. Wus. Mprig. Ber., pp. 359-*6S. Nov. 1913 . 

» Iterjiwitae, Phyt, Ztii., 18. pp. iin-ma, ipm 

«| Raymond. C. R., 164, pp. 45-47. 
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In 1890 Elster and Geitel* * * § discovered the important fact 
that the application of a transverse magnetic field diminished 
the photo-electric current, when the experiments were carried 
out in a gas at low pressure. This observation served to 
provide the method by which J. J. Thomson (1899) f and a 
little later Lenard,{ and Merritt and Stewart, § proved that 
the carriers of negative electricity, when a metal plate is 
illuminated in a good vacuum, are identical with the kathode 
rays of a Crookes’ tube, and consist of negatively electrified 
“ corpuscles,” or negative electrons. These electrons have a 
mass of the order of 1/1700 of the mass of the hydrogen atom, 
and carry a charge which is equal to the elementary charge 
in electrolytic convection. 

In the photo-electric discharge at ordinary pressures, the 
electrons liberated at the illuminated plate form ions by 
becoming attached to one or more gaseous molecules, and these 
carriers move slowly through the gas under the influence of 
the electric field. If the strength of the field is greatly in- 
creased, ionisation by collision takes place, at first due to the 
motion of the negative electrons, but in later stages due to 
the motion of both positive and negative ions, until at length 
the discharge passes in the form of a spark. 

In opposition to most other experimenters, Branly |1 came 
to the conclusion that, in certain circumstances, positive elec- 
tricity was discharged from an illuminated plate. Thus, if a 
piece of zinc were irradiated by the light from the sparks of 
a large induction coil placed sufiiciently near to it, he found 
the loss of charge near ly as rapid for a, positive as for a negative 
y charge. Experiments by Elster and Geitel IT have shown that 
the loss observed in such cases is due to the dissipation of the 
negative charge induced on neighbouring bodies, which are 

* Elster and Geitel, Ann. d. Physik, 41 , p. i6i, 1890. 

f J. J. Thomson, Phil. Mag., 48 , pp. 547-567, 1899. 

s % Lenard, Ann. d. Physik, 2 , pp. 359-375, 1900. 

§ Merritt and Stewart, Physical Review, 11 , pp. 230-250, 1900. 

11 Branly, C. R., 110 , pp. 751, 898, 1891 ; 114 , p. 68, 1892 ; 116 , p. 741, 
1893. 

^ Elster and Geitel, Ann. d. Physik, 57 , p. 23, 1896, 
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illuminated l)y light from the spark either directly or after 
reflection from the plate under test. The negative ions so 
produced move up to the illuminated plate under the influence 
of tlu! (.^lectrii' iitdd, and neutralise the positive charge. Le 
Jton,* also, proved that a positively electrified body could be 
dischargiKl by illuminating a metal plate in its neighbourhood. 

Recent lixperiments by Dember't' the highest attainable 
vacuum indicate that {lositively charged particles are expelled, 
in small numbers, from an illuminated metal plate. These 
lire similar in their behaviour to the “ canal rays ” in a vacuum 
tub(', and are probably metal atoms from whicb a negative 
electron has been liberated. It seems probable on theoretical 
grounds that such an action should take place, though it 
would only bo jiussible for the atom to leave the solid under 
specially favourable conditions. Such an action would explain 
the alteration in the appearance of the surface after prolonged 
illumination, observed by Lcnard,f Ladenburg,§ and others, 
and often described as a roughening of the polished surface. 

Within the last decade groat progress has been made in 
the study of photo-i'lectric plienomcna by carrying out experi- 
ments in a high vacuum, where the conditions are much 
simplified througli the absence of a surrounding atmosphere. 
Two principal methods of experiment may be employed : 
the plate to be illuminated may be connected to an electroscope 
or electrometer and the positive potential which it acquires 
under the influence of the light measured, while surrounding 
bodies are kept at the potimtial of the earth ; or the current 
flowing between the illuminated plate and a parallel plate may 
be measured by a galvanometer or electrometer, when a known 
difference of potential is maintained between the two plates. 
The first method gives information as to the maximum velocity 
of the electrons leaving the illuminated plate ; for the positive 
potential rises till it attains a value sufficiently great to prevent 

• IJim, C. li., 124 , p. 755. 1897 ; 180 , p. 894, 1900 ; 186 , pp. 33-36, 1902. 
t DtmilKsr, Ann. d. Phys., 80 , pp. 137-165, 1909. 
t I.<(»nard, Ann. d. Phys., 12 , p, 490, 1903, 
i l4uloaUurg, Ann. d. Pkys., 12 , pp. 558-578, 1903. 
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the most rapidly moving electrons Inmi escaping. The second 
method measures the number of electrons leaving the illu- 
minated .surface ; and, by varying the potential tiifference 
applied, it is possible to find how tlie mnnber depends on tlu^ 
strength of the electric field. If the field is such as ti> retard 
the motion of the electrons away from the plate, only those 
whose velocity is sufficiently great will be able to escapi- ; if, 
on the other hand, an accelerating field is applied, the number 
leaving the plate will rise to a maxinuun value, so that for 
further increases in the. potential the current bis-omes ap- 
proximately constant. By plotting the cnirrent against the 
potential, a “ velocity distribution " curve is obtained, from 
which the proportion of electrons leaving the plate with any 
assigned velocity can be deduced. , • 

A scientific study of photo-electric processes must lx; based 
on measurements of the number and velocity of the liberated 
electrons for varying experimental conditions. 

We consider first (Chapter VIII) the influence of temixsra- 
ture. The early experimenters all worked at atmospheric 
pressure, where the results arc complic'uted and diflitmlt to 
disentangle. Experiments carried out in a good vacuum by 
Varley and Unwin, Lienhop, Dcmber, Millikan and Winchester, 
and Ladenburg, prove that, apart from secontlary utdioiLS, 
both the number of electrons emitted and their vefixaty (jf 
emission are independent of temperature. This result holds 
from the low temperature secured by the use of li<iuid air 
up to temperatures at which a discharge takes place without 
illuminating the plate (800° C. in Ladenburg's exjxiriments). 

We turn next (Chapters IX and X) to the variations in 
photo-electric action produced by altering the character of 
the light falling upon the plate. 

Experiments in a vacuum, in which the intensity of the 
incident light was varied, led to the two imixnrtant conclusions 
that (i) the velocity of the electrons is independent of the 
intensity of the light, and (2) the number of electrons emitted 
is directly proportional to the intensity of the light. 

The first result is due to Lenard; it has been confirmed 
by the experiments of Millikan and Winchester, Ladenburg. 
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Mohlin, Elster and Geitcl, and J. R. Wright. Though the 
positive potential finally reached by the illuminated plate is 
independent of the intensity, the time taken to reach that 
potential incrcasi;s as the intensity of the light diminishes. 

Tilt; second rt'sult has received confirmation in the work 
of many expcrimtaiters, including Elster and Geitel, Lenard, 
I.iulcnburg, Herrmann and Richtmyer, and holds good over 
an extnant'ly wide range of light intensities. There is no 
indication of a limiting value below which the light is inactive. 
For very intense sources, however, it is possible that the 
number of electrons emitted falls short of that required by the 
law of proportionality. 

Elster and Geitel * in 1894 made the remarkable discovery 
that, in certain cases, the photo-electric effect depends upon 
the orientation of the plane of polarisation of the incident 
light. Using the liquid alloy of sodium and potassium, and 
allowing polarised white light to fall upon the surface at an 
angle of 45”, they found a maximum current when the electric 
vector in the light-wave was vibrating in the plane of inci- 
dence, and a minimum curnmt when the electric vector was 
pcrpendii'ular to the plane of incidence. 

In discussing results of this kind, it is most convenient to 
consider the strength of the photo-electric current in relation 
to the amount of light absorbed by the surface in the case 
under consideration. Tlie complete discussion involves, as we 
shall see presently, a distinction between two actions which 
have been termed the “selective” and the “normal” photo- 
electric, effect, but we may give a general explanation of the 
influence of the plane of polarisation in the following way. 
If the incident light is polarised at right angles to the plane 
of incidence, the electric vector in the light-wave has a com- 
ponent perpendicular to the surface on which the light falls. 
Conseciuently some of the electrons on which the light acts 
will be more likely to move in a direction at right angles to 
the surface, and escape from it without coming into collision 
with molecules of the metal. On the other hand, if the light 

• Elstet and Goitd, Wied. Ann., 62, p. 433. ; S6, p. 684 , 1895 ; 61, 

p. 445, 1897. 
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is polarised in the piano of incidence, the electric vt'ctor is 
parallel to the surface, and the electrons will tend to move 
parallel to the surface. They will tlu'rcfore Ix! more lik<*ly 
to collide with surrounding molecules and will have less 
chance of escaping from the .surface. 

The orientation of the piano of polarisation apiKsirs to have 
little or no effect on tho maximmn velm’ity of emission of 
the electrons.* 

Questions of very great interest arise in connection with 
the relation of photo-electric phenomena to tho wave-length 
of the exciting light. Much attention has Ixjon paid recently 
to this part of the subject, and the results obtained are of 
great significance in considering the theory of the emission 
of photo-electrons. 

We deal first with the variation of tlie photo-electric 
activity, as measured by the saturation current, with the 
wave-length of the incident light. The ex}>eriment8 of Elster 
and Geitel with the alkali metals indicate a maximum photo- 
electric effect for light belonging to the visible part of the 
spectrum. On the other lumd, quantitative measurements 
of the specific photo-electric activity, tliat is, the activity 
for unit light intensity,! for metals tested with ultra-violet 
light, show an effect that increases as the wave-length dimi- 
nishes. The apparent discrepancy has been explained through 
the work of Pohl and Pringsheim. If the electric vector of 
the light-wave is perpendicular to the plane of incidence, the 
specific photo-electric activity incrca.se8 continuously as the 
wave-length diminishes ; but if the electric vector is parallel 
to the plane of incidence, it becomes neccssiiry to distinguish 
between two different cases. For substances which sliow only 
a '' normal ” photo-effect the specific photo-electric activity 
increases continuously as the wave-length diminishes, but the 
rate of increase is more rapid than when the electric vector is 
perpendicular to the plane of incidence. For substances 
which show a “ selective ” photo-effect the specific photo- 
electric activity rises to a maximum value for a particular 

♦ Elster and Geitel, Phy$. Z$%U, 10 , pp. 457-45$, 1909. 

t Generally estimated in terms of tide Mght imiimi on the surfa^. 



INTRODUCTORY 


9 

wavc-lciigth (the ('ritical wave-length), usually in the visible 
part of tlie spectrum. For very short wave-lengths these sub- 
stance's iH'havc in the same way as those which show only a 
nornml effect. The selective effect is attributed by Pohl and 
Ihingsheiin to a resonance phenomenon, but it should be 
remarki'tl that thc^ wave-lengths that arc effective in producing 
the sclec'tive emission extend over a very wide region in the 
spectrum. Fold and Pringsheim* have, however, recently 
shown that the maximum is much more strongly marked if 
the cnt'rgy of the light absorbed is considered, instead of the 
energy of the light which is incident on the surface. 

TfJO latest exi)criments of Compton and Richardson f 
intUcate that the "normal” photo-electric effect reaches 
a maximum similar to that reached by the "selective” 
effect, but farther out in the ultra-violet region of the 
spectrum, 

A large amount of work has been carried out to determine 
the relation Ixdwtxn the velocity of emission of the photo- 
electrons and the wave-length of the light. Recent investiga- 
tions of Richardson and Compton, and of Hughes, prove 
conclusively that the mjiximum energy of emission is a linear 
function of the frequency of the light. For a particular metal 
a certain minimum freejuency is necessary to produce any 
liberation of electrons at all. As the frequency increases, so 
does tlie energy of emission, or the positive potential required 
to prevent the emission. 

A remarkable instance of extrapolation is afforded by the 
employment of the formula deduced from experiments on 
ultra-violet light to calculate the wave-length of Rontgen 
radiation, assuming this to behave in the same way as ultra- 
violet light of extremely short wave-length. The value so 
calculated (between i and 2x10"’ cm.) is in good agreement 
with that obtained from observations on the interference 
fringes produced by reflecting the radiation from a crystal 
of rock-salt. J 

• Pohland ftingdheim, Verk. Deuisch. Phys. GmU., 16, pp. 173-185, ipi3- 
t 0»mpttm find Richaidnon, Phil- Mag., 26, pp. 549 “ 5 ® 7 » 
t BarWa and Martyn, Pros. Phyt, Soe., 26. p. 314 , 1913 - 
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So far we have been considering the experimental facts 
mainly from the historical point of view. Chapter XI is more 
speculative in character, being concerned with the theories 
that have been put forward to account for the emission of 
electrons from atoms of matter subject to the influence of a 
light-wave. 

Problems of very great interest are met with in connection 
with the mechanism of the liberation of photo-electrons. 
Though recent investigations have thrown some light on these 
problems, many questions still remain to be answered. Photo- 
electric activity certainly implies the absorption of energy 
from the incident light ; but we have to determine whether 
the greater part of the energy of a liberated electron is derived 
directly from the light, or whether the velocity of emission 
is practically that which the electron previously possessed in 
its motion within the atom, while the light merely supplies 
the overplus of energy required to set the electron free. The 
former view gives an explanation of many of the facts of 
photo-electricity, provided we make a special assumption as 
to the nature of light, and suppose that the energy of light, 
instead of being distributed uniformly over the wave-front, 
is concentrated in particular regions, so that we may think 
of bundles or units of light-energy. Such a “ unitary theory ’’ 
of light, however, does not appear to be in accordance with 
the electro-magnetic equations formulated by Clerk Maxwell, 
and unless it be possible to enunciate a theory of light which 
shall combine the advantages of the unitary theory with those 
of the well-tried undulatory theory, the assumption of a 
“ quantum ” of radiant energy has to be introduced merely to 
explain particular classes of facts — a proceeding not altogether 
desirable. Many physicists prefer to adopt the second view, 
that the light acts through resonance, the energy of the 
orbital motion of the electron being gradually increased by 
sympathetic light-vibrations till the electron is able to escape 
from the control of the forces binding it to the atom. There 
is additional reason to suppose that this is the correct view to 
take of the " selective ” photo-effect, inasmuch as Lindemann * 

♦ Lindemann, Deutsch. Phys. GeseU,, 18 , pp. 482-488, 1911, 
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has calculatc'd on fairly simplo assumptions the frequency 
of the vibration which should correspond to maximum 
action. It is less cU'aT that the view affords a sufficient ex- 
planation of till! " normal ” effect, seeing that we have then 
to assume the presence in connection with the atom of elec- 
trons with all jiossible freejuencies of vibration, the kinetic 
energy being proportional to the frequency. J. J. Thoimson * 
has suggi'sted a theory of radiation which overcomes some of 
the difhcuUu's of this view. 

Another (pu'stion of importance is that of the classification 
of the photo-eleidrons. We c-an adduce evidence which would 
lead us to assign the electron of the " si'lectivc ” effect to the 
cla.ss of the valency I'lectrons, but whether the electron of the 
" normal ” effect belongs to the same class is far more doubtful. 

In the later (-liaiiters of this book .some phenomena are 
considered in which the liberation of eU'ctrons by light plays 
a fundamental part. The fascinating jiroblom of luminescence 
is intimately conni^cted with photo-electric activity, and, 
according to 11. A. Lorentz,f the only radiation problem which 
can be ('onsklered as satisfactorily solved is that of phos- 
phorescence as ai'counted for by Lenard.| The incident light 
effects the separation of the electron from the parent atom, 
and the substHpient phosjihorescenco is due to vibrations set 
up on the return of the electron. Many jihosphoresccnt sub- 
stances are good insulators, wluidi aeepure local positive 
charges through the. liberation of pboto-eleetrans. 

Our kn(>wk;dgt‘ of photo-chemical changes is not at present 
sufllciently great to enable us to trace all the steps of the 
proca'sscs involved in such changes, but the first stop is un- 
doubtedly an m'tion on the vahmey t;loctrons (t'hemical bonds) 
of the kind we liave been <‘onsidering. The scientific photo- 
grapher may be interested in the attempt to restate the physical 
tlieory of tlic latent image of the photograpliic plate in terms 
of the electron theory. In this attempt I have taken Lenard’s 

• J. J. Thomson. Phil. Mag., 14 , pp. 315-331, 1907. 
t H. A, I,orontz, Phys. ZtU„ 11 , pp. 1334-1257, iffm- 
t Lcimrd and Saeland, Ann, d. Physih, 28 , pp. 476-503, 1909. 
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theory of phosphorescence as a guide. Whatever may be the 
ultimate decision with regard to the debated question of a 
chemical change following the physical one in the formation 
of the latent image, the view here put forward is capable of ac- 
counting for many of the facts of photographic reversal and 
fulfils at least one of the functions of a theory in suggesting 
lines for further research. 



CHAPTER II 

THE EARLY EXPERIMENTERS 


In the course of his experiments on rapid electric oscillations 
Hertz was struck by “ a noteworthy reciprocal action between 
simultaneous electrical sparks.” These experiments have be- 
come classical, for they have given us the means of establishing 
that view of electrical and magnetic actions which was put 
forward by Faraday and developed by Clerk Maxwell, and they 
have found their practical application in wireless telegraphy 
and telephony. 

In these investigations one spark, the spark A, was the dis- 
charge spark of the induction coil, and it served to excite the 
primary oscillation. The second, the spark B, belonged to 
the induced or secondary oscillation, and the length of this 
spark was used to measure the action set up in the secondary 
circuit. To facilitate the measurement, this spark was occa- 
sionally enclosed in a dark case, and it was noticed that the 
maxi mum spark length was decidedly smaller inside the case. 
It was found that the only portion of the case producing this 
effect was that which screened the spark B from the spark A. 

The nature of this phenomenon was investigated by Hertz 
in a paper * which forms a good example of scientific method. 
The English translation may be found in Hertz’s Electric Waves 
(pp. 63-79, 1900). 

He first proved that the box did not play the role 
of an electrostatic or electro-magnetic screen. It was 
then shown that the ultra-violet light from the primary 
spark was the cause of the phenomenon, so that the 
paper bears the title “ On an effect of ultra-violet light upon 
the electric discharge.” For some time, indeed,” writes 

* Hertz, SitzungsbericMe d. Berl. Akad. d. Wiss., June 9, 1887 ; Wiede- 
unann’s Ann.,Zt, -p. 383. . 
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Hertz, 1 was in doubt whether I had not before me an al- 
together new form of electrical action-at-a-distance. The 
supposition that the action was due to light seemed to be 
excluded by the fact that glass plates cut it off ; and, naturally, 
it was some time before I came to experiment with plates of 
rock-crystal. As soon as I knew for certain that I was only 
dealing with an effect of ultra-violet light, I put aside this 
investigation so as to direct my attention once more to the 
main question ” (of electro-magnetic oscillations). 



Fig. I 


It was found that the phenomena could conveniently be 
investigated by inserting in the same circuit the primaries of 
two induction coils with a common interruptor. One coil 
gave the spark A, usually about i cm. long, the other, the 
smaller coil, gave the spark B, usually about i mm. long, 
between the nickel-plated knobs of a spark micrometer (Fig. i). 

The apparatus was set up with the two spark-gaps parallel 
to one another, and when the interruptor was at work, the 
spark-micrometer was drawn out just as far as to allow sparks 
still to pass regularly. 

If a plate of metal or glass was introduced between the two 
spark-gaps, the spark at B at once ceased ; when the plate was 


THE jEARLY experimenters 


15 

removed, the spark reappeared.* The intensity of the action 
increased as the distance between the two sparks was dim- 
inished. The effect conld be detected when the distance was 
3 metres, and was easily observed at metres. Under 
certain conditions the sparking distance was doubled by re- 
moving the plate. Thus the spark A exerts a certain action 
which tends to increase the spark length at B. A may be 
called the active spark, B the passive spark. 

The action of the active spark does not depend on the 
material or the form of the poles. On the other hand, the 
susceptibility of the passive spark depends on its form, being 
greatest between knobs, least between points. There is no 
perceptible difference due to the metal of the terminals, but 
'' the poles must be clean and smooth ; if they are dirty, or 
corroded by long use, the effect is not produced.” 

The effect of the active spark is propagated in straight lines 
in accordance with the laws of light. This can be shown by 
experiments yith screens and slits. Most solid bodies prevent 
or hinder the action, all metals and most insulators being opaque 
to it. Crystallised sugar, alum, calc-spar, and rock salt transmit 
the action, but with diminished intensity. Gypsum (selenite) 
and rock-crystal proved completely transparent. Amongst 
liquids pure water proved remarkably transparent, but the 
addition of a few drops of salt solution was sufficient in 
many cases to extinguish the passive spark. Paraffin, benzole, 
petrol, carbon bisulphide were almost opaque. Coal gas is 
notably opaque, and similar powerful absorption is shown 
by the brown vapours of nitrous oxide. Chlorine and the 
vapours of bromine and iodine exercise absorption, but not 
at all in proportion to their opacity. 

The action of the active spark can be reflected from most 
surfaces, and the reflection takes place in accordance with 
the laws of light. Further, in passing from air into a solid 
transparent medium, refraction takes place as in the case of 
light, but the refraction is stronger than for light of the visible 

* The passage of the discharge through the second circuit can be made 
evident to a large audience by inserting a Geissler vacuum tube in series with 
the spark-gap B, 
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spectrum. This result was obtamcd by the use of a prism of 
quartz and another of rock-siilt. liy examining the region 
in which the active spark exerted its influence, it was found 
that it corresponded with a deviation decidedly greater than 
the visible violet. 

All these facts agree with the hypothesis that the cause of 
the action is the light of the active spark, and that the effec- 
tive light belongs to the ultra-violet portion of the spectrtun. 
If the hypothesis is correct, we should expect similar rt^sults 
from other sources of light. This expectation is easily realised, 
for an increase in the length of sparks from an induction coil 
is produced by bringing near a candle flame, using a quartz 
plate to prevent convection from the flame to the spark-gap. 

The flames of gas, wood, benzene, &c., all act in the same 
way. Magnesium light produces a far more powerful effect, 
its action extending to a distance of about a metre. Lime- 
light, produced by means of coal gas and oxygen, acts up to 
a distance of half a metre ; the action is mainly due to the 
jet itself. Sunlight gives no decisive effect. The electric, arc 
is the most effective source of light, acting at a distant-e of 
4 metres. The action proceeds chiefly from the violet light 
of the feebly luminous arc between the carbons. Most of the 
experiments already described were repeated, using the light 
of the electric arc. As regards rectilinear propagation, re- 
flection, refraction, and absorption, the results obtained agreed 
with the former ones. 

One other observation recorded by Hertz must be men- 
tioned. The action on the passive spark takes place, near the 
poles, more especially near the negative pole. Whether the 
effect was produced entirely at the kathode, or only chiefly 
at the kathode, could not be decided with certainty. Wiede- 
mann and Ebert * investigated tliis point, and found that the 
seat of the action was the kathode. 

Hallwachs f sought for other phenomena due to ultra-violet 
light which would serve to explain the results obtained by 


* Wiedemann and Ebert, Ann. der Physih, 83 , p. 241, iBBU. 
f Hallwaclxs, Ann, der Physih, 38 , pp. 301 -3 12, Jan, 1888. 
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Hertz. He examined the action of light from electric arc 
on electrostatically charged bodies. A polished zinc plate 
was connected with a gold-leaf electroscope, and after having 
l^en charged, was illuminated by light from an arc lamp. If 
the charge was negative, the gold leaves commenced to col- 
lapse as soon as light fell upon the plate ; if the charge was 
I^sitive, no effect w’as produced. The action was found to 
he due principally to the ultra-violet rays, as in the experi- 
ments of Hertz. Similar results w'ere produced by the light 
from burning magnesium ribbon. 

The phenomenon w-as traced to an action of the light on 
the surface of the charged body. No action of the light on 
the medium (air) in w'Mch the body was placed could be 
detected. A polished zinc plate was from 40 to 50 times as 
active as an old plate of the same material. Iron was less 
active than zinc, and zinc active than aluminium. HaU- 
wachs conclude that, when a negatively electrified metal 
plate is iliuminated, negatively d^trified particle travel away 
from it and follow the lines of force of the electric field. 

At the dc^ of his article in the Anmlen HaUwachs men- 
tioned that metal plat^ become electrostatically charged 
when irradiated with the electric light,” This w^as confirmed 
shortly afterwards by suspending a metal plate, connected 
with a HankeFs electrometer, inside an iron cylinder. 

” The case was of rusty iron, so that the contact potential 
against the plates to be suspended was always n^ative. In 
this case only could the ri^ of potential indicated by the 
electrometer be indubitably explained. For if the plate had 
b^n negative to the case, a rise of negative potential 'would 
have cccurred, due to the trans|x>rt of negative electricity by 
the ilumination. If the plate, however, w^as fXBitive towards 
the c^e, and therefore pc^^^ed a positive charge, an increase 
of potential could only be due to the fact that pM>sitive elec- 
tricity was produced on the plate by irradiation.” 

In the ca^ of zinc, bra^ and alrnmniurB with brightly 
surface, poritive electricity occiirr«i on irradiation. 

• Ilallwad», GMmgm' Mxy 1S8S; PkH, M&g., 5, M, pp, 

78-to, July 1S8S. 


B 
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The maximum potential with zinc amounted to over a volt, 
with brass to about a volt, and with aluminium to 0.5 volt. 

As we have seen, Hallwachs merely connected the plate 
under examination to an electroscope. Kighi and Stoletow 
almost at the same time devised a new method for studying 
the discharge of bodies charged to a low potential. They 
placed a metallic grating or net parallel to and a few 
millimetres away from the metallic plate. Righi con- 
nected the two conductors to the two pairs of quadrants 
of an electrometer. Stoletow connected the plate to the 



negative pole of a voltaic pile, and the grating to the positive 
pole of the pile, inserting a sensitive galvanometer to measure 
the current. 

Righi * placed a vertical metallic disc A (Fig. 2) not far from 
a parallel metal net B. A is in connection with one set of quad- 
rants of an electrometer, B in connection with the other quad- 
rants and with earth. If A is put to earth for an instant and 
then illuminated with magnesium light or the arc, a deflection 
is obtained, which reaches its maximum in a time which is 
shorter the nearer the irradiating source, and the larger the 

Righi, jR. Acc, dei Lincei, Marchi 4, 1888 ; Phil, Mag., 5, 25 , pp. 3i4'“3i6, 
April 1888. 
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surfaces of the two metals. “ The deflection is negative if A 
is zinc and B brass. 'I'hc same final value is obtained if A is 
so initially charged as to have a greater deflection. 

"If A is very near B, the complete deflection does not 
chtingt; if A is suddenly withdrawn from B, which proves that 
the radiation has n'duced the two metals to the same poten- 
tial. It follows that this deflection measures the difference of 
the potential of contact between A and B. If B is placed in 
comuH'tion with the lilet'trometer instead of A, the deflection is 
of contrary sign.” 



The arrangement may be called a photo-electrical cell. 
A photo-electrical battery may be formed by joining such 
cells in st;ries. 

If the net in this cxix'riment is taken away and the plate A 
is illuminated, “ a deflection is slowly formed, which is positive 
with the bodies as yet studied.” 

" There is an electrical convection, provoked by ultra- 
violet radiations, from bodies on which exists an electrical 
distribution of a given sign (negative probably), caused by 
electromotive forces of contact, towards those on which exists 
an electrical distribution of contrary sign (positive) due to 
the same cai;^.” 
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In Stolctow’s arrangement the metal plate A is eonueotecl 
through a high resistance galvanometer of great st'nsitivt'uess 
to the negative terminal of a pile. The grating B is <’omu>ct«>d 
to the positive terminal of the pile (Fig. 3). When the 
plate is illuminated the galvanometer indicates the passage 
of a current, but if the connections arc reversed no devia- 
tion of the galvanometer is produced. This would be the 
case if the plate gives out negatively electrified particles 
under the influence of light. 



Instead of the galvanometer a quadrant electrometer is 
frequently employed, as shown in Fig. 4. 

Stoletow constructed a photo-electric cell by allowing ultra- 
violet light to pass through the openings of a perforated plate 
and fall upon a second plate. He came to the conclusion that 
the plate upon which the light fell must be of the less electro- 
positive metal, so that the contact difference of jwtential 
should drive negative electricity from the illuminated to the 
perforated plate. 

The conclusions of Righi, Stoletow and Arrhenius* with 
regard to the formation of a photo-electric cell require some 
amplification. They regarded the current produced as due 

• Arrhenius, Wied. Ann. d. Physih, 88, p. 638, i888. 
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solely to the contact difference of potential between the metals, 
and thought of the air between the plates as an electrol3rte‘^ 
which reduced the two plates to the same potential. Although 
this contact difference of potential must be taken into account 
in estimating the effect produced, the main action is due 
directly to the light, which hberates negative charges from 
the ilhiminated plate, so giving it a positive potential. This 
positive potential may rise sufficiently to overcome the effect 
of the contact difference of potential, so that a current of 
negative electricity can flow from the more electropositive 
metal.* This is found to occur with the alkali metals. 

A tube prepared by Fleming,! containing sodium-potassium 
alloy opposite a platinum electrode, gave rise to an electro- 
motive force of 0.6 volt when illuminated by a concentrated 
beam of light from an arc lantern. The current through a 
galvanometer of resistance i8o ohms was found to be 5.4 
microamperes. If the effective E.M.F. is the same when the 
circuit is open and closed, this would indicate an equivalent 
resistance of 74,000 ohms. Another cell showed an E.M.F. 
of 0.45 volt. If the two cells were placed in series they formed 
a photo-electric battery, and the E.M.F. was found to be 
i.o volt. 

See Ladenburg, Ann. d. Physik, 12 , p. 572, 1903. 
t Fleming, Phil. Mag., 17 , pp. 286-295, 1909. 
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THE EMISSION OF NEGATIVE ELECTRONS 
IN A VACUUM 

The existence of discrete electrical particles or atoms is sug- 
gested by the relations found by Faraday to hold good in 
electrolysis. If we express these results in terms of the atomic 
theory, we may say that the charge carried by a univalent ion 
is independent of the nature of that ion ; a divalent ion carries 
exactly twice, and a trivalent ion three times, this quantity 
of electricity. This is in agreement with the supposition that 
there is an electric atom associated with each univalent 
particle, and an appropriate number of such atoms with each 
particle of higher valency. 

The theory of electrons — to use the term proposed by 
Johnstone Stoney to designate the elementary electrical 
quantity — ^has developed along independent but converging 
lines. Helmholtz and H. A. Lorentz, working independeiitly, 
showed that it was possible to explain the dispersion of light 
in absorbing media on electro-magnetic principles, assuming 
the presence of such elementary charges. Larmor first showed 
the possibility of constructing an atom by means of moving 
electric charges. In 1896 Zeeman observed the broadening, 
and subsequently the resolution, of the spectral lines when the 
luminous source was placed between the poles of a powerful 
electro-magnet. Lorentz gave a theoretical explanation of the 
results on the assumption that the light had its origin in the 
vibration of electrons associated with the atoms of ordinary 
matter. The vibrating electron was found to be negatively 
charged. 

Another line of investigation leading up to the electron 
theory was initiated by the experiments of Varley and Sir 
William Crookes on kathode rays. When a vacuum tube is 
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('xliaustx'cl, tlie negative ('lectrode is surrounded by a dark 
S{>a('(g tiui c'xtent of which incrcast'S as tlie. exhaustion im- 
proves. If the dark sp:iee extend to the walls of the. tube, a 
striking green jihosphoreseenee is produced there. Crookes 
explained this liy sujiposing a stream of negatively electritied 
particles, or ‘‘ radiant matter,” to 1 k“ shot off from the clcc- 
trod('. Kxperimtmt show<ai that radiant mattiT travelled in 
straight lines, so that the interposition of a solid object caused 
the fonnation of a shadow on the walls of the tube. The 
stream of particles could produci" heating and mcchanicjil 
effects, and was deflectc'd by a magnetic lichl. 

In 1897 I’rofessor j. J. 'riiomson (now Sir Jo.scph Thom- 
son) showed that the particles in the kathocU; stream carry a 
charge of negative electricity, and completed the well-known 
experiments by whicli he detenniiu'd the ratio of the charge e 
to the, mass m, and also tlie. v<‘locity of the particles. The 
value of elm, tlu^ ratio of the chmge to the mass, was found 
to be about 10’ K.M.U.,* and the velocity about one-tenth 
th(s velocity of light. In tlu‘ case of the hydrogen atom in 
electrolysis, ejm is about 10* E.M.U. 'I'lius the ratio was 
about 1000 times gretder for the. kathodt; jtarticle than for 
the hydrogen atom. Tlu* charge e carried by the kathode 
particle had not Ixam mciasured, but it was pioved later that 
the charges carrieil by the ions pioduced by Kdntgen rays 
were the siune as those in i;Iectrolytic convection ; consc- 
(piently, if wc; assunu> c to b«^ the sanu* in the.se three cases, 
the negatively cflectritied particle, or " corpusch*,” of the 
kathofh^ stream must have a mass roughly tjimo (more 
accurately xliym) jjart of that of tlu; hydrogtai atom. 

We turn now to photo-electric phenomena and their bearing 
on the electron theory. Experiment has shown that the 
discliarge of negative electricity under the influence of light 
is the result of convection. The charge t>f the illuminated 
plate is carried away by negatively cliarged {larticles. 
At ordinary presstires the carriers move slowly and follow 
the lines of electrostatic force, but at low pressures 

Hie meaEaf a mimlier of later determiaatbasi «l 0/m is k E.M.U, 
(Kay© and i^iby, 19H.) 
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Righi * found that the velocity became larger and the 
path became straighter. At ordinary pressures the photo- 
electric discharge is unaffected by a magnetic field, but 
in a good vacuum, as Elster and Geitel f have shown, 
a magnetic field parallel to the charged surface greatly 
diminishes the photo-electric current. These results suggest 
that the photo-electric carriers (“ photo-electric rays ”) in a 
vacuum are identical with the kathode particles (" kathode 
rays ”) in an ordinary Crookes tube. This conclusion was 
supported by further investigation. In 1899 J. J. Thomson t 
determined the ratio of the charge to the mass of the carriers 
of negative electricity, when a metal plate in a good vacuum 
is illuminated by ultra-violet light. The value found agreed 
within the Umits of experimental error with that for the 
kathode particle. Further, the value of the charge e § was 
determined, and found to be in agreement with that of the 
elementary charge in electrolysis. 

Shortly afterwards an independent investigation by a 
different method was pubhshed by Lenard, who also proved 
that the photo-electric current in a good vacuum was carried 
by slow kathode rays. These results were confirmed by the 
experiments of Merritt and Stewart. The three investigations 
referred to are of such frmdamental importance in the history 
of the electron theory, and in showing the liberation of elec- 
trons by light, that they are described in some detail in the 
following pages. 

The Experiments of J. J. Thomson 

Determination of — The determination of - involves a 
m m 

knowledge of the effect of a magnetic field on the path of an 
electrified particle moving in one plane. 

Qjnsider the motion of a particle of mass m, carrying a 
charge e, when there is a magnetic field of strength H perpen- 

♦ Righi, Mem. della Reale Acad, di Bologna, (4) 9, p. 369, 1888. 

t Ulster and Geitel, Wied. Ann. d. Physik, 41 , p. 166, 1890. 

J J. J. Thomson, Phil. Mag., 48 , p. 547, 1899. 

§ The mean of the later determinations of e is 4.7X 10-^® E,S.U. = i.57x 
IO-80 E.M.XJ. (Kaye andLaby, 1911.) 
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(lifular to the plane, ami an electric field K in the plane of 
motion. 

In eonsetiuenet' of the eh'ctrie. tiokl there will be a mecha- 
nical force on the particle of amount Kc, and tliis will pi'oduce 

an acceh-ration in the direction of the field. 
m 

In <-onst*i[uence of the magnetic field there will be a mecha- 
nical fon t; on the particle of amount Hca. wht're v is the velocity 
of tlu' particle at any instant, 'fliis force acts at right angles 
both to the magnetic field and to the direction of motion, and 
will prtHluce an acceleration Hce,’w. 


A 



By writing down and integrating the equations of motion, 
it can lx* shown that, when the particle is lilrerated without 
appreciable velocity, tlie path it desrrilx's is a cycloid. Fro- 
f«!HHor \V. B. Morton * has given an elegant elementary proof of 
this rr'sult. 

I.et the circle in the figure roll along the horizontal straight 
line with constant angular veloc*ity to. Then at any instant 
the jroint of contact A of the cin-!e with the line on which it 
rolls is at rest. A is the {Kiint of zero veloc-ity. The centre C 
traces out a straight line with constant velocity. C is the 
ixrint of zero aeceleration. 


W. B. Iltiftoiit PkyB, Sm* Si jcxi, 
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The velocity of P. any iKunt in the i>!.me of the < ii> !e. is 
its velocity relative to A wAP in u ilire. iK.ii ndi. ul.u 

to AP. 

The acceleration of P etinals its acceleration nlative to 
C-- (ii)®PC along PC. 

This may be resolved into two coiinKineiits ; 

along I’A ou?' along l‘A, 
ui^AC along AC •‘.Ai * a constant 

The first component is perjH'ndienlar lt» tlie direetion of 
motion, and may be identified witli the aeeeU-r.ition due to .i 
magnetic field perjx'udictdar to the plane of tlu' diagiam. 

The second comjKment tnay Ix^ identifieii with thi’ an elera- 
tion due to an electric field parallel to AC. 

Hence w/*' 

6)®n Kf/m. 

Thus m which is equal to the velocity of C K/H, 
and rt •» Kw/H V. 

So we see that, in the general east: of a parti* le projeetetl 
in any manner in a plane perjamdieular to the uiagneti*- fieUl, 
the path is given by the jMiint P on the rolling t ir« le in other 
words, the path is a trochoid. When the («»int P is on the 
circumference of the circle, its vehnity vanishes when it is 
at the point of contact with the fixed line. In tliis tast: 
the path is a cycloid. 

Suppose a metal plate AB, l*ig. (>. is phutxl parallel 
to and a small distance away from a largc;r metal grating 
CD, so that it can be illuminated by uUra-viidet light 
passing through the meshts. If an electric fiehl is ajqilitxl 
so that the particles emitted by AB are tirgetl towartls 
the grating, the rate at which CD receives a negative 
charge can be measured by a quadrant elei tiometer. 
When a transverse magnetic field is applied at the sitnie 
time as the electric field, a particle emitted from AB with 
a negligible velocity would describe a cycloitl. If this 
cycloid intersects the grating CD, tlie 5m.rticle would give up 
its charge to the quadrants in connection with the grating ; 
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Init if tlif distance Ix'twcon Ali and CD is increased to n value 
greater than the lieight of tile cyrloiil, the particle, would 
never reai h CD. 'I hu.s we siunild e-xpin-t a siukkn cliniinution 
in th(' rate of leak when the distance between AB and CD 
Im'cuiih'S greater tfian Za aiiw/lDc. 

In an actual exj«‘ritnent the distance lietwccn the plates 
was fixed and the strength of the electrii: field was varied. 



so as to find the strongest field at which any effect due to the 
magnetic field could Ik; tletccted. 

'riie simple theory indicates an abrupt transition from tlic 
case when the magnetic field produces no effect, to that in 
which it entirely stojw the flow of negative electricity to CD. 
This abrupt transition was not realised in practice. In order 
to explain this result Thomson supiKsaid that the ions were 
not formtxl exi lusively at the surface of the metal, but through- 
out a thin layer of gas in contact with the plate, in consequence 
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diagram was connected to the apparatus for producing the 
sudden expansion. 

In order to obtain consistent results the intensity of the 
light used must be small. The light passed upwards through 
the base of the vessel — z. quartz plate about .5 cm. thick — 
then through a layer of water about i cm. thick, and fell 
on the zinc plate, which was 1.2 cm. above the water. 

The mean value of e was 6.8 xi0"'° E.S.U. 

The Experiments of Lenard 

Experiments carried .out by P. Lenard* about the same 
time led him to the conclusion that an emission of kathode 
rays takes place in a high vacuum under the influence of ultra- 
violet light. Earher experiments had suggested that heavy 
material particles might be the carriers of electricity, but 
further investigation showed that this explanation was not 
sufficient. For example, a surface of sodium amalgam in 
hydrogen gave out 2.9 xio~® coulombs of negative electricity 
on being illuminated for some time, yet no sodium could be 
detected on a charged platinum wire placed near it. 

Lenard first examined the relation between the photo- 
electric current and the potential difference when the illu- 
minated surface was in a high vacuum. The results are shown 
in the following table : 


Potential of 
Illuminated Electrode. 

Electricity 

Discharged. 

- 45000 volts 

24.5 X 10” ® Coul./Sec. 

~ 25000 

26.6 

— 8900 

22.5 

- 4100 

24.8 

- 1300 

24-5 

-500 

23-4 

— 120 

21.9 

-14 

19.9 

-9 

15-9 

- 1 

7 

0 

4 

+ i 

4 

+ 2.1 

0 


* Lenard, Annalen der Physih, 4, 2 , pp. 359-375, 1900. 
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1. Ill the lirst part of the table the quantity of electricity 
discharged is independent of the potential. (This potential 
was not of itself sidhcicnt to produce any discharge.) 

2. When the potential falls below 100 volts the quantity 
diminishes. Lcnard explains this by supposing that, when 
the potential difference is insufficient, part of the elec- 
tricity already liberated by the light returns again to the 
electrode. 

3. In the third part of the table the quantity discharged 
falls to zero lor a positive potential of 2.1 volts, which is the 
same as the insulated plate would attain when illuminated by 
ultra-violet light. 



The vacuum tube employed in these experiments is illus- 
trated in the diagram. Fig. 8. 

The ahiminium electrode U was illuminated by light from 
a spark between zinc terminals, through the quartz window B. 
The electrode E, which was connected to earth, was provided 
with an aperture 5 mm. wide through which the photo-electric 
rays passed. When there is no magnetic field a receives a 
negative charge. 

By passing a current through coils, indicated by the dotted 
circle, placed on either side of the tube, j 5 receives a charge 
while a does not. This is what we should expect if kathode 
rays started from U and travelled down the tube, 
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Let P denote the potential of the illuminated electrode in 
electromagnetic units, 

Do -velocity of particle on leaving the electrode, 

D— velocity acquired in the electric field. 

Then J m (d* - v,f) ~ IV. 

In a magnetic field H the particle describes a curve of radius 


Putting H=H^C where C is the current through the coils in 
amperes and Hj the field due to one ampere, we get 

” i ~ a constant 
L Pt 


assuming the initial velocity is small. 

The following table gives the experimental results : 


p 

c 

p 

e P 2 

• 1171“ 

2 P 

*'"h,rC 

607 X 10® 
4380 

12600 

0.65 

1.78 

2.94 

144 X 10® 

146 

U.7 X 10** 

U.2 

11,8 

0 . 1 2 X S 0 *®* 

0,32 

0.54 


The initial velocity of the particles can Ixj determined from 
a knowledge of P,, the positive potential (a.i volts) which the 
electrode must have to cause the particles to return to it. 

For 

This gives »„«• lo** cm./sec. 

These experiments show that in a vacuum kathode rays 
(negative electrons) are given off by the illuminated surface. 

The Experiments of Merritt and Stewart 
Merritt and Stewart * carried out experiments showing 
“ the development of kathode rays by ultra-violet light ” 
about the same time as Lenard, Their experiments on the 

♦ Merritt and Stewart, Physical Emm, 11, pp. 330-350, 19c., 
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mufjiK'tic clelU'ci ability of the photo-electric rays are similar 
to th<)S(' of I-cuarcl, and, like the latter, give a direct proof 
that tlu^ rays are dcdleeted by a magnetic field. The apparatus 
used is shown in Fig. 9. 

'riu^ kathode K of zinc was at the bottom of the tube, 
the unod<‘ A being a ring of aluminium. The kathode was 
illuminated liy liglit from a spark between zinc terminals 
i oming tlirough tlie (piartz window Q. The kathode was 
kept at a potential of about 1000 volts by means of a dry pile. 



Fui. 9 

The three eIc(drodes, L, M, R, were fixed at the top of the 
tube, and the rate of change of potential could be measured 
by a Kelvin quadrant electrometer. 

With no magnetic field M received a negative charge. 
Wlien a weak magnetic field was applied at right angles to the 
plane of the diagram and directed away from the observer, 
the charge received by R was increased while that received 
by M was diminished. When the field was reversed the charge 
received by M was the same as in the previous case, but the 
increased charge was now found at L instead of at R. In 
order to obtain a sharply marked effect the strength of the 
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magnetic field must lie iMdwccn ratlu'r narrow limits, 'rhesc 
results sliow that the photo-electric rays are magnetically 
deflected, and the deflection corresponds with that observed 
in the case of kathode rays. 

The deflection produced depends on the potential (»f tlit; 
kathode, the photo-electric rays la-coming "sfiffer" as the 
potential of the kathode is increased. 

Merritt and Stewart formed the opinion that, in adtlition 
to the charged particles similar to those in the kathode niys, 
heavier and more sluggish ions are also pn-sent. Thest- are 
attributed to the ionisation of the residtial gas in the tulu-. 
They suggest th;it the presence of these slowly-jtioving ions 
affords an explanation of the partial disi-repancy between 
theory and experiment in Thomson’s work. 



CHAPTJ^R IV 

Tine VICLOt'ITY OF 'IlilC ELECTRONS 


Havinc; proved that corpiisdi's or electrons arc liberated in 
a vaemim when a polished metal plate is illuminated by 
ultra-violet light, we proceed to consider in the present chapter 
the methods that have been employed to measure the velocity 
of emission. 

Wc have sc;cn that Lcnard measured the initial velocity 
by finding the positive potential that must be given to the 
electrode to prevent the electrons from leaving it. This gives 
us informatitm only as to those electrons whose velocity is a 
miiximum. It is desirable to investigate the case of those 
electrons which arc emitted from the electrode with velocities 
less than tliis maximum. Imr this pxirposc wc require to 
know the form of the " velocity distribution curve.” 


Velocity Distrimution Curves 

We consider first the rlas.sical experiments of Lenard * to 
determine the variation of the quantity of electricity dis- 
charged in a high vacuum with the potential difference applied. 
The illuminated plate U (Fig. 8) was of aluminium coated 
with turi)entinc black. The following table illustrates the 
results obtained. In the first part of the table the potential 
difference was applied so as to increase the velocity of the 
electrons leaving the plate U, in the second part the electric 
field tended to drag them back to the plate. 


• 31-»ard, Ann. PhystM, B, pp. ^9^^* 
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Variation of Quantity of Electricity with Potential Difference 


Distance UE« 10 mm. 




Accelerating Force 
((Jarbon Arc, also wSparks), 

Retarding Force 
(Carbon Arc), 

P.I). in 

Discharge 

Charge 

P.I). in 

Discharge 

(..Charge 

Volts. 

from U. 

reaching E. 

Volts. 

from U. 

reaching E. 

X 

u 

K 

X 

__ 

K 

100 

1.00 

1. 00 

- 0.66 

0. 162 

0.029 

10 

0.94 

0.96 i 


... 

0.0094 

2 

0.85 

0.H4 : 

- I.O 

0.0B2 

0,000 

X 

0.79 

o.8x 

- 1.2 

. . . 

-0.0041 

0.5 

0-73 

0.74 

- ^4 

... 

— 0.0065 

0-3 

0.65 

... 

- i.S 


— 0.0072 

0.3 

o-SS 

... 

-- 2.4 

0,0000 

«. • 

0 

0.40 

0.34 

■»3.o 

— 0.0026 

— 0.0071 


If these results are plotted, taking potentials as abscissa; 
and quantities of electricity as ordinates, we obtain the curves 
shown in the figure, where the continuous line represents the 
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charge leaving U and the dotted line represents the charge 
reaching E. Such curves are called velocity distribution 

curves. In these curves we may distinguish five stag^. 
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which are iiulicah'd by the Romuii mimcniLs at the base of 
the diagram. 

I. With a large retarding field, electrons leaving U under 
th(' influenei! of tlu‘ light are dragged back again before they 
have travelled an apjm'c-iabh^ distance from the plate. In 
this stagi' both U ;ind h would have zero values, were it not 
for some liglit being ndk'cted from U to E and producing a 
small discharge from 1C to U. Conseciucntly E and U arc 
negative'. 

II. In tlie second stage, with a smaller retarding field, 
electrons an; al)l(' to i'seajjt! from U but do not reach the 
plate 1C. (‘onsec[uently U has a small positive, E a small 
negative value. 

III. When the. retarding field is still smaller, some of the 
electrons emitted from U reach the i)late E instead of the glass 
walls of the apparatus, and E assumes a positive value. 

IV. When an accelerating field is applied the two curves 
practically coincide. 

V. In the final stage, with a Itirgc accelerating field, the 
two curves Ix-conu! nearly horizontal. 

It will be seen that the effects arc complicated by light 
reflected from the surface of the electrode U and falling upon 
E. The fraction of the incident light so reflected was esti- 
mated in various <'ases. It depends on the source of light 
and the surface of the electrode. Wlion this fraction is known, 
the observed curve can be corrected so as to give results free 
from the influence of reflected light. 

Such a curve will have a null point for a certain value of 
the retarding field. The jwtential difference is then just 
suflficient to destroy the velocity of those electrons which are 
emitted with the greatest velocity. For any retarding field 
the photo-electric, current may be t.-iken as a measure of the 
number of electrons po.sses.sing velocities greater than that 
which corresponds to the particular potential difference. If 
V is the potential difference just sufficient to destroy a velo- 
city V, we have or If V is measured 

in volts, this means 2 Xio®V£ cm./sec. Thus, taking 



38 


PHOTO-ELECTRICITY 


c/m—5.3 E.S.U., the velocity =5.95x10’ cm. /sec., for 

V =i volt. 

Lenard calculated the relative number of corpuscles emitted 
with any assigned velocity from plates of carbon, platinum 
and aluminium. 



(Carbon. 

Platinum. 

Aluminium. 

Corpuscles emitted with velo- 
cities between — 

12 and 8x10*^ cm./sec. 

0.000 

0.000 

0.004 

8 and 4 x 10'^ cm ,/sec. 

0.049 

0 155 

0.151 

4 and 0 X 10'^ cm./sec. 

0.67 

0.65 

0.49 

Corpuscles emitted only with 
an external field 

0.28 

0.21 

0-35 


1.00 

1.00 

1. 00 


The velocity distribution curves obtained experimentally 
are liable to distortion from several causes be.sides that due 
to light reflected from the illuminated plate. 

O. V. Baeyer * pointed out that electrons may undergo 



reflection from the sides of the case even when travelling with 
small velocities. In order to prevent these reflected electrons 
from reaching the plate under test, he suggested the use of 

* O. V. Bayer, Varh. d, Deutsch, Phys. Gas., 10 , p. g 6 , 1908. 
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ii perforated screen and 
:in anxiliary Ih^ld. La- 
denburg and Markau * 
protected tlu^ receiving 
plate by means of a shield 
of wire gauze which was 
given a permanent nega- 
tive charge. 'I'hc effect of 
reflection of ekndrons on 
the velocity distribution 
curve is illustrated in the 
ligui'C (Fig. il). If the 
illuminated plate emits 
electrons with velocities 
ranging from a mtiximum 
down to zt'ro, a curve 
such as ABC would be 
obtained. 'Phe curve, as 
modified by the reflection 
of electrons, would be 
AAC. When the pkite 
and the case are at the. 
same i>otential, Ob would 
represent the actual 
photo - electric current, 
6B the current of elec- 
trons reflected back from 
the case. Two of the 
curves obtained by La- 
denburg and Markau are 
reproduced in Fig. 12 . 
Curve I was obtainai 
with, and curve 11 with- 
out the use of the nega- 
tively charged gauze. 



Fio. 13 


When an auxilisury field is used, it produces a shift of the 


* Ladeabtirg and Markau, Phys. % pp. Sa 1-828, 1908 ; Verh. d. 

Diniuh* Phys* Cm., % p, 562, 1908* 
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curves to the left which cannot be attributed to the prevention 
of reflection.* There is another factor contributing to the altera- 
tion of the curve — ^namely, the stray field thi'ough the perforated 
screen. This shift can be calculated and corrected for. 

A simple method of eliminating errors due to the rtsflectiou 
of electrons, without using an auxiliary field, has been devised 
by Richardson and Compton.f This is described in Chapter X. 

Hughes J has pointed out that, whenever an electron ap- 
proaches a boundary obliquely, then the potential difference 
just necessary to stop it is less than that potential which 
corresponds to its actual velocity. The velocity distribution 



curve for electrons leaving a point with equal velocities, 
instead of being ABDC, would be A&DC, Fig. 13. 

Hughes has also examined the effect of weak magnetic 
fields (such as the earth's field) on the form of the curve. 
Some of the slower electrons would describe curved paths in 
the magnetic field and never get away from the illuminated 
plate. This point was investigated experimentally by apply- 
ing a magnetic field so as to assist or oppose the earth’s field. 
It was found that, for velocities corresponding to a fall of 
potential of 0.7 volt (and above), the effect of the earth’s 
field (.5 Gauss) on the maximum velocity can be ignored. 

Compton, Phil. Mag., 28, pp. 579-593, 1912, 

•f Richardson and Compton, Phil. Mag., 24, pp. 575-594, 1912* 

X Hughes, Phil Trans. Roy. Soc., 212, pp. 205-226, 1912. 
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In estimating the value of the potential difference for a 
velocity distribution curve, it is necessary to take into account 
any contact difference of potential that may be present owing 
to the use of different materials for the illuminated plate and 
the surrounding case. Attention has been drawn to the 
importance of this correction by K. T. Compton.* The 
electrons moving between the emitting and receiving plates 
are acted on by the force due to the contact difference of 
potential, as well as by the externally applied field. The 
curve for the electropositive metal falls to the left of the curve 
for the electronegative. By displacing the curves through a 
distance equal to the measured contact difference of potential 
the curves for different metals become nearly identical, show- 
ing that different metals, when illuminated with ultra-violet 
light from an iron arc, give off electrons with practically 
equal velocities. We shall see later that the velocities for 
different metals are not exactly equal. 

The Presence of a Sudden Bend in the Velocity 
Distribution Curve 

In his communication to the Annalen der Physik in 1902, 
Lenard mentions that he found experimentally a sharp bend 
in the velocity distribution curve in the neighbourhood of 
the axis of zero volts. This he explained theoretically as 
being due to the existence of surface forces acting upon the 
electrons only when they were within a small distance of the 
surface. His theory indicated that the curve should consist 
of two distinct branches meeting each other nearly at right 
angles. 

Singularities of this kind are to be noticed in the curves 
obtained by A. Lienhop f in the course of his investigation 
on photo-electric action at low temperatures. They are 
present both in the curves for ordinary temperatures and in 
those for the temperature of liquid air. 

On the other hand, Ladenburg and Markau I found the 

* K. T. Compton, Phil. Mag., 23 , pp. 5 79 - 593 > 1912. 

f LienLop, Ann. d. Phys., 21 , pp. 281-304, 1906. 

j Ladenburg and Markau, Phys. Zeitschr., 9 , p. 821, 1908 ; Verh. d. Deutsch. 
Phys. Ges., 10 , p. 562, 1908. 



42 


PHOTO-ELECTRICITY 


sharp bend in the curve vanished when reflection of electrons 
was prevented. In order to avoid such reflection they used 
in one experiment an auxiliary field and in another a Faraday 
cylinder, and foimd the same result in both experiments. 

A. Klagcs * made a special examination of the velocity 
distribution curves for mercury and for zinc amalgam in the 
neighbourhood of zero potential, and came to the conclusion 
that there was a sharp bend present even when the reflection 
of electrons was prevented. 

In order to explain these contradictory results spi'cial 
experiments were carried out by Gehrts,f who used a copper 


90 

60 

30 

O 


3210 / 234-56 
Potential Difference irv VbZts 
Fig. 14 

plate as kathode. By increasing the distance between the 
illuminated plate and the plate receiving the electrons in a 
suitably designed apparatus, it was possible to diminish gradu- 
ally the effect due to reflection. 'V^cn this was done it was 
found that the bend in the velocity distribution curve became 
less and less distinct, and finally vanished altogether when 
the distance between the plates was made sufficiently great. 

0. V. Baeyer and A. Gehrts % examined the velocity dis- 
tribution curves obtained with a surface of soot, when the 

• A. Klagcs, A! »». d. Phys., 81 , pp. 343-364. 1910. 

t Gehrts, Ann. d. Phys., 86, pp. 1016-1026, 1911. 

j V. Baeyer and Gehrts, Verh. d. Deutsch. Phys, Ges„ 12 , p. 870, 1910. 
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apparatus was so arranged as to diminish any effect due to 
reflection of I'lectrons by increasing tlu' distance between the 
illuminated |)Iate and the reflector. 

('urve 1 shows the velocity distril)ution curve when re- 
flecti(»n takes place, 'rhere is a distinct bend in this curve 
for a field just greater than zero. The m.iximum initial velo- 
city given l)y the curve corresponds to 1.2 volts. 

('urve II corresponds to the ease when the effect of re- 
flection is diminislusl by increasing the distance from 7 nun. 
to 90 mm. There is no sharp bend in this curve, which gives 
an initial velocity corresponding to a fall of potential of 
2.7 volts. 

As Hughes has pointtsi out. it is difhcult to sc;o why reflec- 
tion of clectr«)ns should influence the maximum initial velocity. 

TiIK KkSUI.TS ol’ ICXI’KKIMKNIS ON THE VkI.OCITIES OF 
I’hoto-ki.k< ruoNs 

Wc sliall ctHisider in later chapters the application of these 
velocity distribution etirves to the discussion of the influence 
of tcnijHJrature and of illumination on the plioto-elcctric effect, 
but it will be convenient to mention at this point some of the 
investigations on tlu; forms of the curves, and the initial velo- 
cities of the electrons. 

The difhculty of ol)taining a jHsrfectly clean surface in a 
vacuum wius overcome by A. Klages,'*' who experimented with 
a surface of mercury or of an amalgam, which could easily 
he renewed even in a higli vacuum. 'Ilie velocity distribution 
curves for mercury and for zinc amalgam gave valiums for the 
nraximum initial vel«)city which were nearly the sjime. When 
a quartz mercury lamp was xm'd us a source of light, this 
value corresponded to a potential difference of 2.3 volts. 
Wlmn a plate of cah -spar was placed in front of the quartz 
window of the apparatus, the velocity fell to a v;ilue corre- 
sponding to 1.5 volt. The maximum photo-electric current 
obtained from mercury was pnvctically the s:ime as that 
obtained from zinc amalgam or from tin amalgam. 


• A. Kkgw*, Ann. d, Pkys., 81, pp. 34J”3^’4' 1910 . 
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Experiments were carried out by v. Bac'yer aiul tb'hrts * 
with copper, silver, and gold. The investigators found that 
the condition of the surface had very marked iniluenee on the 
initial velocity of the electrons, as wt‘11 as on the uuiuhet 
discharged. Fatigue effects were nnu-h in evidt'uee in tiiese 
experiments, and were attributed to the preseiu-e of gas<.'t)us 
films. The initial velocity determined when the surface was 
as clean as possible corresponded to a potential difference of 
6.3 volts. This value is in fair agreement witli tlu' \-ahu‘ 
calculated from the Planck-Einsti-in theory (Chapter XI) for 
a wave-length of 200 ///r. 

Richardson and Compton f have obtainetl interesting 
results from velocity distribution curves in tlu? case of tli(‘ 
metals platinum, aluminium, zinc, bismuth, magnesium, tin, 
and copper. In these experiments the metal surfact! was 
scraped with a clean knife-blade before the exhaustion of the 
vessel in which the test was carried out. 

An important advance in the study of photo-electric pheno- 
mena was made by A. LI. Hughes, J who showed Imw to obtain 
perfectly clean metallic surfaces free from gaseous films by 
distillation of the mctid in a very high vacuum, 'fhe metals 
calcium, magnesium, cadmium, zinc, lead, bismuth, antimony, 
arsenic, and selenium were examined, and the maximum 
initial velocities of the electrons from them didermined. 

The results of all these experiments will lx; considered in 
connection with the influence of the wave-length of the light 
on photo-electric effects. 

The Direction of Emission of Photo-flkctrons 

If a flat metal plate is illuminated from the front, it is of 
interest to determine how the emission of electrons dejxmds 
on the angle of emission. It is not to lx; ex|x*cted that all 
the electrons should leave the plate in tlic direction of the 
normal to the surface. Lcnard,§ in fact, observtxl that the 

* V. Baeyer and Gehrts, Verh, Deutuk* Phvs. Gfisril, p. Byth 191 i. 
t Richardson and Compton, PAil. Mag,, 24 , pp. 57H»>594* 
t Hughes, Phil, Trans. Roy, Soc,, A, 212 , pp. 191 j. 

§ Lenard, Ann. d. Phys., 2 , p, 359, igcx) ; 8, p. 1 ipa ; 12 , pp. 45 77;, 

1903. 
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electrons leave the surface in different directions. Hughes * 
came to the conclusion that the emission is the same for all 
angles, but this is not in harmony with measurements carried 
out by Robinson f on different metals for the special purpose of 
examining this point. These measurements were undertaken in 
order to test a theory put forward by Riecke, who assumed that 
the emission of electrons from an element of the surface was the 
same for all directions included within a certain limiting cone. 
The experiments proved that the emission is a function of 
the angle of emission from the electrode. For small values 
of this angle the emission is considerable; it diminishes as 
the angle increases. The emission has been followed up to 
an angle of 75°, and it appears possible that emission may 
take place almost up to 90^. 

The Emission of Electrons from thin Metal Films 
The Photo-electric Effect with Incident and Emergent Light . — 
In 1889 Hallwachs % observed that thin silvered quartz plates 
showed photo-electric action when the plate was illuminated 
from the quartz side. Rubens and Ladenburg § examined the 
photo-electric properties of thin gold leaf (thickness 80 to 
100 ju/I). They found that the ratio of the effect at the 
back to that at the front was about i to 100 for the thickness 
mentioned. The ultra-violet light transmitted by the gold 
leaf only amounted to about i/iooo of the incident light. 
From these observations the authors conclude that electrons 
are liberated in the thickness of the leaf with such velocities 
that many, of them are able to escape from the back of the film. 

The photo-electric properties of thin metallic films formed 
by means of deposition from a platinum kathode have been 
examined by Dike.|| The film on glass is photo-electrically 
active even when of the utmost tenuity (down to lO"® cm. in 
thickness). ’ The high positive potentials observed by Dike 

* Hughes, Phil. Trans., A, 212, p. 205, 1912. 

t Robinson, Ann. d. Phys., 31, pp. 769-822, 1910. 

j Hallwachs, Tagebl. des Heidelberger Naturf.-Ver., p. 24, 1890. 

§ Rubens and Ladenburg, Deutsch. Phys. Gesell. Verh., 9, pp. 749-/52, 
1908. 

■ II Dike, Phys. Rev., 32, pp. 631-632, 1911, 
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are probably to be attributed to imperfect screening from 
electrical waves. 

The difference in the photo-electric effect caused by incident 
and emergent light has been examined by Otto Stuhiiuann.’*' 
Thin metal films were prepared by “sputtering" in vacuo 
from a kathode. The ratio of the emergent (iC) to the incident 
effect (I), determined from measurements of thi^ ionisalitm 
currents in air, was found to be as follows : 




E/L 

Atomic tVeight. 

Magnesium . 

. 

*•03 


Iron . 


1.02 

5 S-‘> 

Copper 


1.08 

63.6 

Zinc . 


i,i i 


Silver . 


1,07 

107.9 

Tin . 



u8.s 

Platinum 


1.17 

194.H 

Lead . 


1.12 

206.9 


There appears to be a periodic variation of this “ forward 
effect ” with the change in the atomic weight. 

Independent experiments carried out by Klceman f led to 
the same conclusion as to an asymmetry of the effect for 
incident and emergent light. Experiments were jnadi* witli 
platinum films in air at atmospheric pressure, and also in a 
good vacuum. It is suggested that tlie electrons receive* a 
component of velocity in the direction of propagation of the 
light. 

Measurements have been carried out with thin films of 
platinum in a high vacuum by J. Kobinson.|: For very thin 
films the velocities of the electrons for emergent light are 
greater than those for incident light ; for thicker films the 
reverse is the case. The greatest thicknes.s of film employed 
is estimated as 10 cm. For tire thin films the maximum 
emergent current is larger than the maximum incident current ; 
for the thick films this order is reversed. Thus for a certain 

• Stuhlmann, Phys. Rev., 82 , p. 621, 19U ; Phil. Mae., W, pn. lu iw, 

1910 ; 22, pp. as4-»-864, 1911. 

t Kleeman, Proc, Poy, Soc,, 84, pp. 92^, igio, 

t J. Robinson, Phil. Mag.. 28, pp. 542-531. 1912; IK, pp. 115-132, 1913. 
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thickness of film the " emergent ” velocity is equal to the 
“incident” velocity, and special experiments showed that 
for the same thickness of film the “ emergent ” current is equal 
to the “ incident ” current. The dissymmetry observed in 
the case of the velocities is not so strongly marked as that 
observed for the currents. The orientation of the plane of 
polarisation of the light did not have any influence on 
the dissymmetry. 

Another striking result obtained in the course of these 
experiments was the fact that a sudden increase took place 
in the actual magnitude of the photo-electric currents, both 
for incident and emergent light, when the thickness of the 
film was lo cm. For films thinner than this the ratio E/I 
was found to be practically constant, and equal to about 1.22. 

Robinson has discussed various suggested explanations of 
the variation in the magnitude of the photo-electric current 
with the thickness of the film, and inchnes to the view that 
the photo-electrons may possess sufficient energy to ionise 
molecules of platinum by colliding with them. If the thick- 
ness of the film is less than a certain quantity, which may be 
called the mean free path of the electrons, the only electrons 
present will be those produced directly by the light. If the 
film is thicker than this critical value, there will be present 
also electrons produced by coUision between photo-electrons 
and molecules. From measurements of the Hall effect Pater- 
son * estimated the mean free path of the electrons in platinum 
as of the order of 10 cm. This is in agreement with 
Robinson’s view. 

Partzsch and Hallwachs + have examined the optical and 
photo-electric properties of thin platinum films formed by 
kathodic deposition, and have come to the conclusion that 
the difference between the “ incident ” and the " emergent ” 
photo-electric current can be accoimted for by a difference in 
the reflecting power for hght of the two sides of thin films. 
When such a film is illuminated from behind, as much as 40 

* Paterson, Phil. Mag., 4 , p. 652, 1902. 

t Partzsch and Hallwachs, Ber. Math.-Phys. Klasse Konig. Saohsischen 
Qesell, IFiss., 64 , pp. 147-166, 1912. 
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per cent, more light may be absorbetl in the film than when 
the film is illuminated from the front, ('onset jutaitly a greater 
photo-electric current is to be expected, and is adnally fouiul, 
when the light emerges from the film. Altlnnigh the greater 
part of the difference between the " im itient " and the 
“emergent” current may probably he aecounteii ftir iti tliis 
way, the difference observed between the " incident " and the 
“emergent” velocity show.s, in the ojnnion of the author, 
that there must be some influence at work tending to make 
the electrons leave the molecules more readily in the tlina tion 
in which the light is travelling. 



CHAPTER V 


THE PHOTO-ELECTRIC CURRENT IN GASES AT 
VARIOUS PRESSURES 

In the preceding chapter we have seen that in a high 
vacuum the photo-electric current consists of a stream of 
negative electrons ; these electrons are identical with those 
in the kathode rays of a Crookes’ tube, but their initial velocity 
is smaller, being, as a rule, not much greater than lo® cm. 
per sec. The electrons travel in straight lines through the 
vacuum, except when they are under the influence of a trans- 
verse magnetic field. 

We have now to deal with the processes taking place when 
the illuminated plate is in air or in some other gas. The 
fundamental fact is that discovered by HaUwachs — ^namely, 
the loss of charge from a negatively charged metal plate when 
illuminated by ultra-violet light. To explain this we assume 
that negative electrons are liberated from the metal under the 
influence of light, not only in a vacuum, but also in a gas at 
ordinary pressures. At atmospheric pressure the free elec- 
trons soon become attached to molecules of the gas, and thus 
form centres round which other molecules may collect, so as 
to produce negatively charged ions, which move with com- 
paratively small velocities under the action of the electric 
field. Thus the discharge of the illuminated plate is attributed 
to a process of convection, in which negatively charged par- 
ticles of molecular dimensions follow the lines of force of the 
electrostatic field. 

The properties of the negative ions formed in gases by 
illuminating a metal plate with ultra-violet light have been 
investigated by several physicists.* Rutherford f measured 

* See J. J. Thomson, Conduction of Electricity through Gases, 

■f Rutherford, Proc. Camb, Phil, Soc., 9 , p. 401, 1898. 
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the velocity of the ions by applying an alternating electric 
field, and found the following values for the velocities 
under a potential difference of one volt per centimetre : 


Gas. 

Air 

Hydrogen 
Carbonic acid 


Ionic Velocity. 
1.4 cm./sec. 
3.9 cm./sec. 
.78 cm./sec. 


Down to pressures of 34 mm. of mercury the ionic velocity was 
found to be inversely proportional to the pressure of the gas. 
The effect of changes in pressure and temperature upon the 
velocity of the ions has been further studied by Kovarik.* 
Townsend f found the coefficient of diffusion of these nega- 
tive ions to be .043 in dry air and .037 in moist air, values 
practically identical with those found for negative ions pro- 
duced by Rontgen rays or radio-active radiations. The 
rate at which these ions diffuse through a gas is small 
compared with the rate at which the molecules of one gas 
diffuse through another, suggesting that several molecules 
condense round an electron to form a single ion. 

So far we have been assuming that the pressure of the gas 
is not far from atmospheric, and that only moderate electric 
fields are employed. When the pressure is reduced, or when 
the strength of the field is increased, fresh possibilities are 
introduced which greatly complicate the phenomena. Under 
certain conditions the electrons may have their velocity 
augmented to such a degree as to produce ionisation by col- 
lision with the molecules of the gas, so giving rise to both 
positive and negative ions. When this occurs, instead of 
having carriers of only one sign present, carriers of both signs 
will be available, which will move in opposite directions 
through the field. By increasing the strength of the field still 
further the positive ions can bring about ionisation by collision, 
but this occurs only when the potential difference applied is 
not far short of that required to produce a spark through 
the gas. 

* Kovarik, Phys. Rev., 30 , pp. 415-445, 1910. 

f Townsend, Phil. Trans., A; 195 , p. 259, 1900. 
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Thus we see that the photo-electric current may arise in 
three ways : (i) The current may be carried by the electrons 
liberated by the ultra-violet light ; (2) the current may be 
carried by the ions formed by the adhesion of gaseous mole- 
cules to these electrons ; (3) the current may be carried by 
ions produced by collision. The relative proportions of the 
current carried in these three ways will depend on the pressure 
of the gas and the strength of the electric field. In a good 
vacuum practically the whole current is carried by negative 
electrons. As the pressrue is increased, less current is carried 
by electrons and a larger proportion by negative ions, and at 
atmospheric pressure the electrons form such ions within a 
very small distance of the illuminated surface, so that the 
whole current is then carried by ions. When, however, the 
electric field is sufficiently increased, the actual value de- 
pending on the pressure of the gas, ionisation by coUision 
begins to take place, and ions of both signs are produced. 
The negative ions move, as before, to the anode, while the 
positive ions formed make their way to the kathode, and are 
there discharged. 

The remainder of the chapter gives a more detailed dis- 
cussion of these processes. We consider first the case in 
which only moderate electric fields are employed, so that 
ionisation by collision does not occur. The mathematical 
theory of the conduction of electricity by negative ions is 
first dealt -with, and then the experimental work on the varia- 
tion of the current with the potential difference at various 
pressures is described. The latter part of the chapter is 
concerned with the more complicated relations that arise 
when ionisation hy collision takes place. 


Mathematical Theory or Conduction by 
Negative Ions 

The first question to be considered is the way in 
which the strength of the electric field is affected by 
the presence of negatively charged particles between 
the electrodes. The result may be obtained by employing 
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the well-known equation of Poisson, 
written 


dX. dY 
dx'^ dy'^ dz 


which may be 


where X, Y, and Z are the components of the electric field, 
parallel to the co-ordinate axes at a point (x, jy, -s:), and p is 
the density of the free electrification at that point. 

Now consider the case in which the potential varies only 
with X, as when dealing with two infinite parallel plates. 


Then 


dx 


= 47r/). 


The variation of electric intensity with the distance is 
proportional to the amount of free electrification at the point 
(the number of ions per c.c,). 

If we can determine experimentally the distribution of 
potential between the plates, or what is equivalent, the strength 
of the electric field at each point, we can calculate the dis- 
tribution of the electrification. 

Let us assume that the ions present are all of one sign 
and that the velocity of an ion is proportional to the strength 
of the field. 

If u denote the velocity of an ion in unit field, then = 
velocity in field X. 

Let n = number of ions in unit volume at any point. Then 
i the current at that point through unit area 


Also, since p—ne, 


Eliminating n we get 


= nuXe, 


dx 


— 4Trne. 


^ dX 4'^i 
dx u 


When a steady state is reached i is constant. 

X 2 'V 2 I 

- = + X. 

u 


By means of this equation we can calculate the variation 
in the electric field due to the presence of negative ions between 
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the plates. The result of the calculation shows that the field 
is very nearly uniform. 

Stoh'tow was unable to detect any want of unifor mi ty 
e.’cjierimcntally. 

Schwiudler found a small variation in the strength of the 
field when the negative platt; was illuminated, corresponding 
to an excess of negative ions at each point. 

Rei,ation between the Current and the Strength 
OF the Electric Field * 

We have seen that the current per unit area flowing be- 
tween two parallel metal plates is 

I ■" wwXc. 

The negative ions will be moving about in the space between 
the plates like the molecules of a gas. Some of them will 
strike against the negative plate and give up their negative 
charges to it. The mimlicr striking against unit area of the 
plate in unit time can be calculated if we assume that the 
ions arc subject to the laws of the kinetic theory. On this 
assumption the number is found to be where c is the 

average velocity of translation of the negative ions. 

The steady state will be reached when the negative elec- 
tricity given out by the plate in unit time is equal to the 
sum of the charge returned i^er unit time plus the current 
through the gas. 

Thus nj— , +»., 

v6ir 

where is the number of electrons emitted from unit area 
in unit time. 


Bwt 

ne^ijuX* 

So 

4.1, 

or 

s/ 67 r jr/X 



an equation which determines the connection between the 
current through the gas and the electric field. 

• J. J. Thomson, Conduction of EUctHcity through Casts, and edition, pp. 
367-368. 
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When X is small— that is, when «X, the velocity due to 
the field, is small compared with tlu* mean velocity of trans- 
lation of the ion — 

/• ftJ'-JitTTuXU' 

and the current is proportional to the electro-motive force. 
But as X increases i increases less rapidly, and when X is 
large the current becomes approximately constant and eiiual 
to n„e, or a saturation value is reached. 

The effect of variations of pressure on the current through 
the gas may be traced from the formula if we know how. the 
ionic velocity depends upon the pressure. For moderate, 
pressures the value of u was found to be inversely pr(.>por- 
tional to the pressure. For low pressures the results are 
complicated by the fact that ionisation by collisit>n occurs 
for comparatively weak fields. 

Experimental Results as to the Variation or Current 
WITH Pressure and Potential I)n-t-ERiiNCE 

Measurements of the iihoto-clectric current from a metal 
plate in air at various pressures were made by StoIet<»w.* 
The light from an arc lamp passwl through a tjuart/. jdatt* 
silvered on the inner surface and ruled like a diffraction 
grating. It fell on a silvered plate wliose distance from the 
grating could be adju.stcd by a micrometer screw. 'I'lu; 
current was measured by a very sensitive galvanonuder. 

At ordinary pressures the current approaches a kimi of 
saturation as the potential difference is increased, provided 
the plates are only a small distance apart. The diagram 
(Fig. 15) shows the results of theses experiments, the unit of 
potential difference being the electro-motive force <»f a Clark 
cell. The number x-^5 attached to a curve indicates that the 
distance between the plates was *-1-5 mm., where a is a small 
distance, about 1.5 mm. From these results Stoletow inferred 
that the current i is the same at all distances d, provided 
E/d is the same— that is, t=/(E/(f), where E is the difference 
of potential between the plates. This relation no longer holds 

• stoletow, C. R., 108 , p. 1341, 1889; Journal de Phyuqur, ii., 8, pp. 

468-473, 1890. 
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good when the pressure is reduced. For lower pressures there 
is no approach to saturation, but for still lower pressures 
saturation is again apparent. 

Stoletow also examined the variation in the current with 
the pressure, keeping the potential difference constant. As 
the pressure was diminished, starting from atmospheric 



0 /O 20 30 *0 50 60 70 80 90 100 

PotentiaZ Difference 
Fig. 15 


pressure, the photo-electric current increased, at first very 
slowly, then more rapidly. At a certain definite pressure 
(the “ critical pressure ”) the current reached a maximum 
value, and afterwards diminished towards a finite hmit. The 
critical pressure can be determined by the simple relation 
PJIE = a constant. If the pressure is in mm. of mercury, 
d in cm., and E in volts, the value of the constant is 1/372- 
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The curves in the diagram (Fig. i6) ilUistrati* tii«‘ ivl.i(i(»u 
between the current and t!ie pressure for threi* ditfiTcnl 
values of the electric field, when the plates are .Kj nun, apart. 
The Clark cell is again the unit of eleetru-niotive force. At 
very low pressures the current is independent of the pttleutial 
difference— r.e. it is saturated. 

Experiments with a potassium cell prepared by the nietliotl 
of Elster and Geitel were carried out by IC v. Sehweidler.* 
In discussing the relation between the current and liie pofenti.tl 
difference three stages may be considered. For potential 



JPressuf'B 

Fig, 1 6 


differences up to about 2 volts the current is a linear function 
of the potential difference. From a volts up t(» about 70 volts 
the current increases more slowly, but cnmmt Ik* saitl to 
approach saturation. When the potential tliffer»‘nce ejjci'cds 
70 volts the increase in the current is mucli more rapid. On 
account of the fact that the intensity of illumination em- 
ployed was not the same in the different scsrics of fXjK'riments, 
we cannot illustrate those results by means of a single curve, 
but a typical curve of a similar character is given Mow 
(Fig. 17) from a later investigation of the same uuthor.f In 

, * E. V. Sehweidler, Wien. Ber., tOf, pp. 88 j iHy8. 

t IMi.. 108 , pp. 373-379, 1899. 
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this rcsearcli the current from an amalgamated zinc plate 
was measured for a wide range of potential differences, and 
for sevend different pressures. The curve reproduced corre- 
sponds to a pressure of about 17 mm. 

A systematic examination of the dependence of the magni- 
tude of the photo-electric cxirrcnt on the pressure and nature 
of the gas by whicdi the illuminated surface is surrounded was 
made by Varley.* The method employed was to draw the 



Kui. 17 


complete curve connecting the current and the potential 
difference for each pressure, keeping the intensity of the 
illumination as constant as possible throughout the series of 
observations. An arc in hydrogen between iron wire ter- 
minals was used as the source of light, and the constancy of 
the source was tested by a separate apparatus, in which the 
conditions remained invariable. 

The results obtained by varying the pressure of the gas 
are illustrated by the curves of Figs. 18 and 19, which refer 
* Varley, Phil. Tram. Hoy. Soc.. A, 202 , pp. 439-458. 1904. 
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to experiments with a zinc plate in hydrogen. The seeoiul 
figure is intended to show more clearly than tlu' first tlu; 
variation of the photo-electric current at very low pressures. 
Curves of similar character wore obtained with a platinum 
kathode in air. 

The conclusion of Stolctow — that when the potential is 



kept constant and the pressure is gradually decreasttd, the 
current increases, reaches a muximutn, and then diminishes 
towards a finite limit which is nearly independent of the 
potential— can be verified at once from Varley’s curves in 
Fig. 18. 

The results with regard to the variation of current witl> 
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potciiitial cliff(>rcncc may conveniently be described in three 
stages corri'sponding to the pressiirc at which the experiments 
are carric'd out. At ordinary pressures there exists a more 
or less Hat part of the current-E.M.F. curve, corresponding 
to aiiproximate saturation. As the pressure is lowered this 
flat [>art bec-oiiu's steeper and stca'i^er, until at a pressure of 



a few millimetres there docs not appear to be any approach 
to siituration. In this second stage a small change in the 
potential difference always produces a large alteration in the 
current. The third stage is only reached at much lower 
pressures, when we again get an approach to saturation. At 
a pressure of about a tenth of a millimetre, depending on the 
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distance between the electrodes, wc g('t a true saturation 
current. This decreases with the pressure, and approaches 
a finite limit as the vacuum is made more nearly perft'ct . 

In this third stage the moan free path of tlie ions becomes 
comparable with the distance bedween the I'lectrodcs. As 
soon as this is the c;ise, the number of collisions which c;in 
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occur between electrons shot off from the illuminated plate 
and gaseous molecules becomes very limitM, and a small 
potential gradient is sufficient to cause saturation. At the 
very lowest pressures the curves agree with Umard’s result 
that a very large change in the {jotential difference produces 
no change in the current. 

Experiments carried out in air, hydrogen, and carbon 
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dioxide by Varley yielded the following results (Figs. 20 and 
21). At higher pressures the current is greater in carbon 
dioxide than in air, and greater again in air than in hydrogen, 
for all potential gradients up to those at which the genesis 
of ions by collision begins. The curves show that this stage 
begins in hydrogen at a much lower potential gradient than in 
air or carbon dioxide, the potential gradient required to cause 
ionisation by collision in these two gases being approximately 



Fig. 21 


the same. (The potential gradient necessary for a spark 
discharge to pass in hydrogen is only 0.55 times that required 
in air.) 

Kreusler * in 1901 was the first to observe that all metals 
show a remarkably large photo-electric effect in the neigh- 
bourhood. of the sparking potential. Experiments with zinc, 
iron, copper, silver, platinum, and aluminiu m all showed this 
increase in a marked degree (Fig. 22). This explains why the 

* Kreusler, Ann. d, Physik, 6 , p. 404,11901. 
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material of the kathode in the experiments of Hertz Iiaci no 


Fm. 22 

The abscissa measured from O representii the difference Imimnm Urn 
potential applied and the sparking 

observable influence on the increase of spark length under 
the action of light. 
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The conductivity produced in gases by the motion of nega- 
tively charged ions has been investigated by J. S. Townsend * 
who has collected his results in a book entitled The Theory 
of Ionisation of Gases by Collision (Constable and Co.). It is 
therefore unnecessary to do more than indicate briefly the 
principal conclusions arrived at. When the electric field is 
increased sufficiently, new ions are produced by collisions 
between ions and the molecules of the gas. At first this effect 
is due to negative ions alone, but when the sparking potential 
is approached the positive ions also produce fresh ions by 
collision. 

Let X denote the electric force between two plates at a 
distance d apart, so that X = (Vj - Vj) jd. Let ^ be the pressure 
of the gas. If one plate is illuminated by ultra-violet hght, a 
certain number, n^, of negative ions will be set free. Suppose 
each ion in moving through i cm. of the gas produces a new 
negative ions, then a is a quantity depending on X, and 
the temperature. For small values of X, a is practically 
zero, unless f is also small. Let n be the number of ions 
produced within a distance x from the illuminated plate. 
Then in going a distance dx these will produce andx new ions. 

Thus dn—andx, 
and therefore n =Wo6“. 

The total number of ions reaching the positive plate will be 
n 

For different distances between the two plates we have 

Therefore 

If we choose the distances between the plates so that 
d^ - d^ =d^ - d^, we get ^ = J®. 

This relation was verified by Townsend for air, hydrogen, 
and carbonic acid at a number of different pressures. The 
values of a can be determined from the results of such ex- 
periments. 

* J. S. To-wnsend, Nature, 62 , p. 340, August 9, 1900. 
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This coefficient a, the number of ions of one kind that a 
single negative ion will generate in moving under an electric 
field through a centimetre of the gas, depends, when the 
temperature is constant, on the strength of the field and the 
pressure. Townsend * showed, both by theory and experiment, 
that it satisfies the relation 

rAf) 

By assuming that one pair of ions is formed when the 
velocity at collision exceeds a certain value, and that after a 
collision a negative ion practically starts from rest along its 
new path, Townsend obtains the relation 

a NV;> 

-=Nr-3r 

P 

In this equation N, the maximum value of a, is the number 
of collisions that an ion makes in travelling through a distance 
of I cm. in a gas at i mm. pressure, and V is the potential 
difference between the ends of a path along which an ion 
acquires sufficient velocity to generate others by collisions. 

The values of N and V found from the observations are as 
follows : 



Air 

N2 


0 

0 

HCl 

H^O 

A 

He 

N 

14.6 

12.4 

S-o 

20.0 

22.2 

12.9 

13.6 

2.4 

V 

25 

27.6 

26.0 

23-3 

16.5 

22.4 

17-3 

14.5 

NV 

36s 

342 

130 

466 

366 

289 

23s 

34-8 


Since n—n^^, the photo-electric current is given by the 
formula 

t—tot 

where is the current in the highest vacuum and the field 
strength X is given by 'Ejd,. The maximum value of the 
current corresponds to a pressure determined by 

~ = NV = const. 

This is the relation given by Stoletow, and the value of 
the constant obtained by him is in good agreement with the 
value of NV determined from Townsend's experiments. 

* Townsend, PhiL Mag,, 1 , p. 637, 1901. 
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The maximum current is given by the equation 


A modification of Townsend’s formulae has been suggested 
by Partzsch.* Instead of taking into account the whole 
distance d between the plates in considering the effect of 

ionisation by collision, only the fraction d{i - g) is supposed 
effective. The principal formulae then become 



E ’ 


ErZ, 

= E-o 

while Stoletow’s relation, 

dpm 

remains unchanged. 

Experiments carried out in air, nitrogen, oxygen, and 
hydrogen show good agreement between the observed values 
of the current and those calculated by means of the proposed 
formula. This is illustrated in the case of air by the curve 
of Fig. 23, where the circles indicate the observed, the dots 
the calculated values. 

The values of the constants are given in the following 
tahle, which ailso gives the values of L, the free path of a 

gas molecule at i mm. pressure, and of ^ the mean free path 
of an ion under the same conditions. 



NV 

V 

N 

l / Nicm .) 

L 

I/N:L 

Air 

340 

27.1 

12.6 

.0794 

.00745 

10.65 

Nitrogen 

34b 

27.9 

12.4 

.0807 

.00734 

II.OO 

Hydrogen 

153 

27.8 

5*5 

.182 

•01375 

13.22 

Oxygen 

268 

23-9 

II. 2 

.0893 

.00794 

11.25 

Carbonic acid 

380 

23-5 

16.2 

.0618 

.00512 

12.07 


It appears that the free path of an ion is about eleven 
times as large as the free path of a molecule, and consequently 

* Partzsch, Verh. Deutsch. Phys. Gesell., 14 , pp. 60-73, 1912- 
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about twice as great as that of a vanishingly small particle 
in rapid motion.* 

In dealing with the photo-electric discharge in ditU'rc'ut 
gases there arc several points that have to he considered, 
besides the values of the constants V and N. If the fit'hl 
between the plates is sufficiently stn)ng, it is nt*cessary to 



®— Observed. • Calculated. 

fic, 33 

take into account tlie effects due to the motion of {)ositive 
ions. Townsend has shown that the positive ions protluee 
others by collision when the potential tx'tween the piate.s 
is large, but still much less than that required to produce a 
spark. 

Assuming the theory already sketched .'w to the production 
of ions in the gas by adhesion or collision, we still have to 
face the problem of determining whether the number of elec- 

* J. C. Maxwell, Phil, Mag. (4), 19 , p. 39, i860, 
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trons emitted from the surface is affected by the nature of 
tlie surrounding medium. We can imagine that the number 
might be altt'red by tin* condensation of gas in the pores of 
the plate, or by the formation of a surface film. There is 
also tin; possil)ility of a change in the character of the surface 
in consequenct' of clu'raical actiim between it and the gas. 
Thus a trace of the vapour of bromine or iodine is sufficient 
to d('Stroy thi' s<'nsit iveiiess of a zinc plate. 

The effect of tlu^ surrounding medium oh photo-electric 
activity has Ix'en ('.xamined by T. Wnlf.* He found a con- 
sid('rable increase in the activity of a platinum plate when 
air was rejdaced l>y hydrogen. Platinum " polarised ” by 
hydrogen becomes very active. He concluded that the dis- 
cliarging power laa-omes greater as the electro-chemical dif- 
ference of poteirtial between the plate and the medium in 
which it is immersed is made greater. Thus, with a newly 
polished platinum plate the discharge is in the order — ^hydrogen, 
oxygen, chlorine, ozone. Experiments with zinc and silver 
plates gave similar results. 

• The effect of .surface films in altering the activity of a 
metal plate will be discussiid later in connection with the 
subject of photo-electric fatigue. 

* Wulf, Ann. dfr Physik, 9 , pp. 946-963, 1902. 
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PHOTO-ELECTRIC SUBSTANCES: SOLIDS AND 
LIQUIDS 

The characteristic feature of photo-clcctrii' action is the loss 
of a negative charge, or the acqtiisition of a positive charge, 
under the influence of light. This is traced to the emission 
of negative electrons from the illuminated surface. It is of 
great importance to know how various substances compare 
with one another in regard to sucli emission, and to see if any 
relations can be traced between the photo-electric activity 
and the other properties of the substances examinetl. 

In order to compare the photo-electric activity «if different 
materials, the tests must be carried out under corresjionding 
conditions. This is a m.itter of some dilhculty, espeiialiy as 
it is not easy to determine in the fimt instance what comiitk»ns 
are to be regarded as " corresponding.” 'I'he activity varies 
in a marked degree with the character and intensity of tlse 
light employed, so that a comparison of various substances 
under the influence of a particular source of light woukl prer- 
bably yield re.sults differing from those obtaineri with some 
other source.* For an exact scientific study of the subject 
experiments arc required with mono-chromatic light <if known 
frequency and intensity. Further, unless the exiHuinumts 
are made in a good vacuum the activity de|X‘nds on tin- tem- 
perature. Again, the photo-electric current tlirough a gas 
depends on the electro-motive force applied, and, strictly sjx-ak- 
ing, a " saturation ” current is never obtained when the test 
is made in a gas. Consequently the only satisfactory plan 
would be to compare the substances in a very gtxxl vacuum, 
when, as I.enard has shown, the discharge is indeix-ndent of 
the potential difference for a wide range of values of the latter. 

* Eugtoe Blocli, L$ Radiumt 7, Mmy 
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F.vcn when this plan is adopted the results obtained depend, 
iis a rule, on the condition of the illuminated surface. It is 
not surprising, therefore, that comparatively little progress 
has been made up to the present in establishing relations 
lH>twei-n the photo-electric properties of a substance and its 
physical or chemical constitution. On this account it is 
diilicnlt in the present chapter to do more than summarise 
ther principal imuisurcmcnts that have been made in connec- 
tion with the photo-clc‘ctric activity of various substances. 

deal first with the metals, then with a number of com- 
pounds of the metals, and finally with certain non-metallic 
ounpounds, including a number of organic dyes and some 
imsulating materials. 

A short discussion follows, dealing with certain phenomena 
more or less closely related with the photo-electric effect, 
sucli as this electro-motive, force set up in the light-cells of 
Becquerel and Minchin, and the variation in the electrical 
resistance of certain substances caused by illumination. 

The results obtained in connection with the very important 
subject of the photo-electric activity of gases and vapours 
are reserved for a separate chapter. 

Photo-electric Activity of Metals 

nie great difficulty met with in attempting to classify the 
metals in the order of their photo-electric power is due to the 
remarkable variations in the activity under different experi- 
mental conditions. The method of preparing the metal sur- 
face gives rise to differences that are often very large. Many 
observers have thought that the photo-electric activity in- 
creased with the degree of polish of the surface. On the other 
hand, Hallwachs * found that a copper plate first polished 
with fine emery-paiier showed almost the same activity after 
it had been rubbed with very coarse emery. 

Ullmann f showed that the values obtained by filing the 
surface of a metal were far more constant than those obtained 

llallwaGluB, Ann. d. Physik, 2 S, p. 465, 1907, 

I UHmann, Ann. d. Physih, 82 , p. i, 1910. 
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by the use of emery-paper. H. S. Allen * examined the photo- 
electric behaviour of dry iron in the active and passive state, 
and found that when the iron is chemically active it exhibits 
large photo-electric activity, while in the passive state this 
activity is greatly diminished. 

Further, we have to take into account the variation in the 
activity with the age of the surface, frequently observed when 
the metal is tested in a gas. The activity generally dimi- 
nishes, at first rapidly, then more slowly, owing to changes 
in the condition of the gaseous layer at the surface or to other 
causes that arc discussed in the chapter on photo-electric 
fatigue. 

The most satisfactory method of preparing a metal surface 
that shall be perfectly pure and free from surface films is that 
devised by Hughes, in which the material is obtained by 
distillation in a very high vacuum. The process is described 
in Chapter X. 

The first experiments on the loss of a negative charge by 
an illuminated surface were carried out with metals. Hall- 
wachs mentions that he found iron less active than zinc, and zinc 
less active than aluminium. Elster and Geitel f investigated 
the photo-electric properties of a large number of substances. 
Zinc and aluminium give a measurable effect in sunlight, but 
copper, platinum, lead, iron, cadmium, carbon, and mercury 
require light richer in ultra-violet rays. The more electro- 
positive metals are specially active, and lose a negative charge 
in ordinary daylight. Elster and Geitel experimented with 
amalgams of sodium and potassium, and also with the metjils 
themselves. Tire liquid alloy of sodium and potassium can 
be manipulated with greater ease than the solid metals. A 
convenient method of preparing an experimental tube con- 
taining the alloy has been described by Fleming. | Blister and 
Geitel give the following list to represent the order of the 
photo-electric effect of the metals : rubidium, potassium, 

♦ H, S. Allen, Proc. Ray. Soc., A, 88, pp. 70-74, 1913. 

t Elster and Geitel give a summary oi their results in Naturs, 50 , p. 451. 

1894. 

t Fleming, Phil. Mag., 17 , pp. 286-295, 1909* 
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alloy of i)(»taKsimn an<l sodium, litlutun, magnesium, thallium, 
zinc. 'I'lif onliT in this list, and, generally speaking, the 
()nl<T fstr the riion* electronegative metals ieslcd in air, is the 
same as the order in the voltaic series for contact potential, 
'riie more ele< tropositive a metal the greater is its photo- 
electric activity. 

AttemjJts to classify the metals have been made by various 
experimenters. Ramsay and Sptmeer,* and also Hcrrmann,f 
made t<sts in air at atmospheric pr<*ssure. The former arrange 
the metals in the following order: Al, Mg, Zn, Sn, Cd, Pb, 
Hi, Au. Ni. t‘o. (hi, Ag. hV, This list was obtained with 
metal surfaces polished as w<*ll as possible, using a mercury 
vapour lamp of 1 1 viol glass as the source of light. In the 
experiments of Herrmann each metal was polished so as to 
obtain the maximum effect, the source of light in this case 
iH'ing a carbon an- lamp. The order given is Al, Zn, Mg, Sn, 
Hi, Cd, Pb, Cu. Ni, Ct*. Ag, Au. Fe, Although such lists can 
have no great scientific value, they are included in order to 
show that (he order in air is roughly parallel to that of the 
Volta eontaet series. 

'Hie results olhained by the earlier experimenters who 
worked in v.icmmi are remarkalile for the wide divergencies 
shown. The order of the metals in these lists bears no rela- 
tion to the order at atmospheric pressure, or to the Volta 
contact series, F. Ladenburg gives the order Cu, Brass, Zn, 
Hi, Pt. Ni, Fe, An, Ag ; Millikan and Winchester give Cu, 
Au. Ni, Brass, Ag. Fe, Al. Mg. Sh. Zn, Pb. In laidenburg’s 
experiments | the surfa<-e was first polished with emery 
and oil, anti finally with chalk applied with a clean linen 
rag. The tulx; containing the metal under test was ex- 
hausted till the disdiargo of a large induction coil would 
no longer pass through it. A spark between aluminium 
electrodes served as a source of ultra-violet light. Milli- 
kan and Witichestcr§ were cartdul to avoid the use of 

* Hitmwy awl Hiwitccr, I'hil. Mag., 12, p. '^ 9 o 6 . 
f Ilrrfwanu, tfwwt KaUwachsrff^hl, IHss, B&rltn, 190S. 

{ K. Lwknburg. Ami. d. 12, pp. SS8“S7«. i90.t- 

I MitUkan awl Winchester, Phil. Mag., 14, pp. 188-212, 1907. 
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oil in preparing the surfaces. The metals wore cleaned but 
not polished. The experiments were carried out in a good 
vacuum, the source of light being a spark discliarge between 
zinc electrodes. In spite of the precautions taken by these 
investigators, their results cannot be accepted as showing the 
true relative values of the activity, since recent experiments 
have shown that the only satisfactory way of securing a 
perfectly clean metal surface is by preparing it in vacuo. 

Incidentally we may notice that Millikan and Winchester 
also measured the positive potential assumed by the metals 
in a vacuum under the influence of ultra-violet light. The 
order in this list differs from the order of the photo-electric 
sensitiveness, and bears no relation to the Volta contact 
series. 


Metal. 

Positive Potential in 
Volts at 26^ C. 

Rate of 1 )ischargc 
at 25® C. 

Ag . . . 

X.340 

17.16 

Fe . . . 

1.225 

16,40 

Au . 

1-215 

24.70 

Brass 

1. 174 

23.80 

Cu ■ . 

I-I 35 

25.10 

Ni . . . 

1.126 

24.00 

Mg . . 

•839 

I I. GO 

A 1 . . . 

•738 

14.90 

Sb . . 

■394 

I 4.00 

Zn . 

.197 

1.20 

Pb . . . 

.0 

; 0,90 


The positive potential may be taken as a measure of the 
velocity of emission of the electrons. The question of the 
velocity of emission from different metals will be considered 
at length in connection with the influence of the wave-length 
of the exciting light on photo-electric phenomena (Chapter X). 
Einstein’s unitary theory of light points to the conclusion 
that an electron can only escape from a metal when the energy 
of a light unit is at least equal to Vc, the work that must be 
done in carrying the electron (charge e) through the potential 
difference between the metal and the gas. The theory of 
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photoelectric t^mission developed by Richardson leads to a 
sitnilar resxilt, for he finds expressions for the number of 
eUutions ('inittod and the enei'gy of emission which contain a 
tei dependent on the contact difference of potential (Chapter 
XI). liu^se formuhe ai'e in agreement with the recent ex- 
pel iniental investigations of Richardson and Compton, and 
of Hughes. 

I he contact difference of potential, as Erskine Murray has 
shown, varu's greatly with the state of the metal surface as 
rt'gards iiolish and tlie pre,scncc of gaseous films. The photo- 
electric sensitiveness is also largely affected by such surface 
conditions. Before any definite conclusions can be drawn 
as to relations between the two sets of phenomena, it is de- 
sirable to have simultaneous measurements of both effects. 
Such measurements have been made by Hallwachs,* XJllmann,t 
and ( omptoii-t The results prove that though it is necessary 
to take into account the contact difference of potential in 
estimating the electric field acting upon the electrons, this 
difference of potential is not responsible for the large variations 
actually observed in the strength of the photo-electric current. 
Surface films may produce large changes in the strength of 
tlus current if their constitution is such that they are strong 
absorbers of the effective radiations (Chapter XII). 

H. l)ember§ has carried out experiments to determine 
whetlier any connection can be established between the photo- 
electric effect and the kathode fall of potential with an alkali 
electrode in various gases. A relation exists between the 
kathode fall of potential and the position of the metal in the 
Voltaic series. If the photo-electric current is due to the 
emission of negative electrons from the illummated kathode, 
a connection between the photo-electric activity and the 
kathode fall of potential would appear probable. A large 
light effect is to be expected where the smallest kathode fall 
of potential is to be found. According to this hypothesis 

* Ilallwacha, Ann. d. Physih, 28, p. 481 , 1907 ; Deutsch. Phys. Gesell. 

Verh*, 14 , p, 63 B, 1912. 

t Ullmimn, Ann, d. Physih, 82, p. 46, 1910. 
t Compton, PhiL Mag,, 28, pp. S79-59h 
I H. Dember, Annalm der Physih, 20, p. 379, 1906. 
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the photo-clcctric activity of the alkali metals should h«‘ 
large, and larger in helium than in hyth'ogen. 'Ihis was tound 
to be the case for sodium-potassium alloy both (or ultra-violet 
and for visible light. The kathode fall for the alloy in argon 
is smaller than for the same substanei' in helium. I'or higher 
voltages the photo-electric activity of the cdloy is greater in 
argon than in helium. 

For some purposes it is important to securi' a plait o-electric 
cell which shall Iiave as gn-at sensitiveness as po>sihle. '1 ht‘ 
sensitiveness of a cell containing one of tin* alkali nudals in 
an atmosphere of hydrog('n at low pressure may he consider- 
ably increased, as IClster and (h-itel * have shown, hy the 
formation of a so-called alkali-hydride and hy passing a glow 
discharge through the tube. If the hydrogen is tht*n replacetl 
by helium, the cell is rendered more permanent ami can he 
used for photometry. J. (». Kemp f has studietl the conditions 
nece.ssary to secure maximum sensitiviaiess for a potassium 
cell in an atmosphere of hydrogen. The cell is about loo times 
more sensitive after the formation of the hy<lriile than iK-fore. 
The distance between the electrodes should Ik? about 0.5 cm., 
the pressure of the hydrogen gas Indween 2 and j mm. of 
mercury, the temperature about 25" and the potential 
difference applied to the eleetrodes about 3,50 volts. With 
such a cell, used in connection with a tilted <;Iectroscope 
capable of measuring a current of ro amjxTes, thi- author 
calculates that it would be possible to rletect a candle at a 
distance of 2.7 miles. 

A sen-sitive photo-electric cell, in which the inside* of a 
pear-shaped flask is coated with a layer of ilistilled sotlium, 
has been described by llughes.| The flask is |irovidc<l with a 
quartz window, through which tlu> ultra-violet light eiders. 
By an ingenious device the deposition of s<Klium on this 
window is prevented. Using light tif wave-length 436 ftfi 
isolated by a monochromator from a mercury lamp ahsurl>ing 

* Elster and Geitel, .ZrtoAr., IJ, pp, .J57 12 , pp, (nm- 

614, 1911, 

t J. G. Kemp, Phys. Rm. (a), 1 , pp. 374-393. 191 j. 

t Hughes, Phil. Mag., 28 , pp. 679“(iH3, 1913. 
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1^0 watts, llio cnirrent obtained was as large as 580x10“^^ 
ainpcn-s. 

PuoTo-Ki.i'xn'KH'. Activity ok Metallic Compounds 

Most of tlu; I'xpi'rinuaits on compounds of the metals have 
been ('arrietl out in air at atmospheric pressure. The results 
art! very greatly influenced by the condition of the surface and 
tlu! character of tlu! light employed. Further results are much 
to bt! tlesiretl with tht; cmirloyment of monochromatic ultra- 
violet light and with a surface prepared by the distillation of the 
compt>und in a high vacuum, as in the experiments of Hughes. 

Clenerally speaking, the compounds of the metals with 
sulphur or the halogens show the greatest photo-electric 
activity. It is significant that these compounds are those 
which freciuently show marked phosphorescent effects ; thus 
Italmain's luminous paint is photo-electrically active. 

G. C. Schmidt* measured the photo-electric activity of a 
number of solid substances, using an electrometer (i volt = 
150 stide divisions) and noting the deflection after three 
minutes’ illumination. Very large effects were observed in 
the case of the sulphides of copper and chromium, and a 
large effect was found for sulphide of bismuth. The chloride, 
bromide, and iodide of silver all gave about the same large 
deflection. Smaller deflections were obtained from iron 
sulphide, zinc sulphide, zinc sulphate, zinc oxide, mercury 
cldoride, and copper iodide. A large number of substances, 
including the haloid salts of the alkali metals, showed no 
activity when tosttsd by this method. It is remarkable 
that most of the substances examined showed strong action 
when tested in contact with the negative terminal of a 
spark-gap by the method of Hertz, even though they 
showed no photo-electric activity when the difference of 
potential was 560 volts. 

The activity of a number of metallic salts was measured 
by O. Knoblauch, f who found large activity in the case of 
the sulphides of lead, manganese, and mercury, smaller activity 

* G. C* Sclimidt* Wisd, Ann, d, Physik, 04, p. 708, 2:898. 
t O. Knoblauch, Ziit, Phys, Chsm,, 29 , p. $^7* ^1899. 
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for sulphide of tin and trisiilphicU- of antini(»ny and of arsoiiif. 
Bromide of copper was fairly active, the chloride i<*ss so. 
Both the oxides of copper wen- niodi-ratcly active. Amongst 
substances which gave only a small effect were silver o.xide, 
mercury iodide, and cadmium sulphide. 

A detailed examination (jf the metal sulphi<les was made 
by Rohde,* who found that in general they showed consider- 
able photo-electric activity. 'I'his activity was liepemlent in 
a marked degree on the condition of Iht' stirface espt'ci.dly 
the roughness — on the density, and on tht* molecular struc- 
ture (e.g. crystalline form). Most of the sulphides were tested 
in the form of mineral, of powder, and of pastilles prepared 
with the hydraulic press. In general the mineral showed 
the greatest, the powder the least activity, 'riu^ metals may 
be roughly arranged in the order of dimitiishing activity as 
follows : lead, copper, manganese, silver, tin. iron, chromium, 
bismuth, nickel, antimony, zinc, cadmium, cobalt, and molyb- 
denum. In the case of lead glance (PbS) the activity in the 
form of mineral, powder, and pastille is represented by the 
numbers 887, 602, and 874 respetdively. Under tlie same 
experimental conditions a clean zinc jslate would have an 
activity of 530, and an aluminium plate of about 2 «k). 
In these experiments the extrenn? ultra-violet rays from 
a spark between zinc tc^rminals were eniployetl. When 
examined under these conditions the sulphides in most cases 
show greater activity than the metals themselves. When 
tested with the light of a Nernst lamp, they show much 
less activity than the metals. This has Ixxm ctnrftrmed by 
Herrmann.f who found that Uviol glass cut off most of the 
radiation effective with the metal sulphides. 

The sulphides of certain metals have Ix'en examined by 
Ramsay and Spencer, J who recorded the time taken for the 
gold leaf of their electroscope to i)as8 over ten scale divisions 
when the substance under test was illuminated. The sulphides 
in one series of experiments were prepared by placing the 
metal in either a solution of sulphuretted hydrogen or one of 

* RoMe, Annakn d. Physik, 19, pp. 

t Herrmann, BeiirAge mm H€dlwmhm^f4kt, Dim. B§flm, 

t Ramsay and Spencer, Phil Mag,, IS, p. 197 , 
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ammoniiim sulpliiclt> ; in a second series the precipitated 
sulphide was made into a paste with starch solution and dried 
upon the plates. The activity obtained by the second method 
was, as a rule, smaller than that obtained by the first. The 
sulphidt's of copper and lead were the most active of those 
examined, their activity being about 30 and 25 per cent, re- 
spectively of that of a clean copper plate. The activity for 
tlu‘ sulphidi's of antimony, iron, tin, and cadmium only 
amcnmtt'd to 2 or 3 ptn- ctmt. According to these results the 
sulphides are nmch less active than the pure metals. This 
no doubt depends upon the source of light employed (in these 
experimf'nts a mm'cury arc in Uviol glass). 

Thc^ iodides of tlu; five metals copper, silver, cadmium, 
tin, and letul, were, prepared by suspending plates of the 
met:ds over a dish of iodine until the surface was coated with 
the salt. The activity was found to be according to the 
order named, iodide of copper, which gave the greatest effect, 
showing an activity of about 8 per cent, as compared with 
metallic, copper. With the. exception of silver iodide, the only 
moniodide in the scries, the activity diminishes with increasing 
percentage of iodine in the salt. 

'riie photo-electric activity of the halogen compounds of 
copper, illuminated by the light from a carbon arc, has been 
measured by Pochettino,* who also determined for these 
compounds the order of the Bccqucrel effect, that is the increase 
in electro-motive force due to illumination of an electrode. 
The two effects appear to be connected, but the order of sensi- 
bility is not the same in the two cases. This is shown in the 
following table, where the more active substance stands earlier 
in the series : 

Photo-electric effect. (Activity). Becquerel effect. 

Cuijt . . .39 CuBr^ 

CuBr.j . . .32 Culj 

CuCcg . . .20 CuO 

/CuO ... 3 fCuCls 

tCuFj ... 3 ICuFj 

• Pochettino, Aecad. Lincei, Atti, 16 (2), pp. 58-66, 1907. . 
t The sensiWUty of the copper iodide was compared directly with that of 

4 * 
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Light of short wave-length is nioro (‘ffectivo as regards tlie 
first effect, while light of longer wave-length procluees greater 
change in the second case. 

My interest in photo-elcotric phenomena was first aroused 
whilst working in Lord Blythswood’s laboratory at Kenfrc'w 
in 1904, by noticing that freshly ground lluor-spar eaused a 
considerable leak of negative electricity, the amount of leak 
falling off in the course of a few minutes after grinding, 'flu* 
effect took place in ordinary daylight after traversing two t hick- 
nesses of glass, but no effect could be observed in the ilaik. 

Elster and Geitel* had already n'corded the pilot o-eU'clrii' 
activity of fluor-spar and other jihosphorescent minerals. 
Different specimens of fluor-spar vary considerably in activity. 
The effect may perhaps be due to traces of fh»' more eU-ctro- 
positive metals scattered through the sulistance of thi* spar, 
and imparting to it its colour. 

According to Elster and Geitel, ultra-violet light is not 
the most efficient in this case. I'his suggests tlie presi'iicc of 
a selective photo-electric effect, sucli as is found with the 
metals of the alkali and alkaline earth groups. 

Goldstein f discovered that cmlain salts, esjH'cially the 
alkaline haloids, become coloured wlu*n I'xposed to the kathodt; 
rays ; at the same time their phosphorescence tliminishes. 
The colours fade away, slowly in darkness hut more rapkily 
in daylight, especially if the temix*rature is raised. Elster 
and Geitel I have shown that the salts thus modified exhiliit 
marked photo-electric activity. This projuTty gradually 
diminishes, and disappears at the same time as the coloration. 
Certain glasses acquire the photo-electric projx'rty umler the 
influence of the kathode rays. In these cast's also the activity 
may be due to traces of metal liberated by the action of the 
kathode rays. 

The most important experiments on tlie activity of metallic 
compounds that have been carried out in a high vacuum up 
to the present time are those of W. Wilson and A. LI. Hughes. 

* Elster and Geitel, Wied. Ann, d, Physik, 44, p. /jj* 
t Goldstein, Wwd, Ann. d. Physih, § 4 , p. 371, 1II9S : p. 491* lif/. 

i Elster and Geitel, Wied, Ann. d, Physik, it, p. 4!;, 
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In tlic experiments of W. Wilson * peroxide of lead was 
used as a stantltird substance ; this has the same activity as 
aluminium, but shows little fatigue. Silver iodide, illuminated 
by ultra-violet light from an arc lamp, showed an activity 
10.9 times that of the standard. A silver plate under the same 
illumination had an activity 3.56 times that of the standard. 
When the silver iodidii was illuminated with violet light no 
photo-electric, cnirrent could be detected. A layer of silver 
iodide on platimim was saturated with calcium nitrate solu- 
tion. The material so tn^ated still showed no activity with 
violet light, but with ultra-violet the activity was increased 
to about 54 times that of the standard. The photo-electric 
activity of silver sulphide was also measured, and found to 
be 9.5 times that of the standard. 

Interesting results have been obtained by Hughes t from 
experiments in vacuo on certain solid compounds. In most 
cases the surface was prepared by distillation of the salt in a 
high vacuum. Znt'lo and P./)^ show no photo-electric effect 
when dry, but afti'r contact with moist air they show distinct 
activity. There is practically no effect for FeCl,,, and only 
a very small one for Pblj,. after c:xposure to ultra-violet light. 
The other halogen salts (Hgl, HgL. HgCl, HgCl^, BiCI,,) show 
marked activity after tliey have been exposed to ultra-violet 
light. The initial efhu-t in tlicse cases is either zero or very 
small, but exposure to light increases the magnitude of the 
action. Sblj, differs from the other salts in that a large leak 
is observed at the outset, and this is reduced by prolonged 
exposure. It is suggested that the halogen salts themselves 
are not photo-electric with wave-Uingths longer than 184.9 
but that the light first of all decomposes the compound and 
then acts on the metal in the ordinary way. It is difficult to 
reconcile the behaviour of Sbl^ with this explanation. 

• W. Wilson, Ann. d. Physik, 28 , pp. 107-130, 1907. 

I Hughes, I’Ml. Mag., 24 , pp. 380-390, 1912. 
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Photo-electric Activitv of No.v-mktai.lic CouvovNm 

Bichat and Blondlot,* * * § employing tlu* mrthiHl devisctl by 
Stolctow, find that water shows no photo-eleetrie runent 
when illuminated by light from the are. A slu'et of wafer is 
perfectly transparent to much of the effective ra<liation. 
Ki'cuslcr f found that pure water transmitted ultra-violet light 
to wave-length 200 ////, but absorbed light of sluirter wave- 
length. Soapy water or a solution of calcium chloride may 
bo used to cover the surfaces of bodies in order to previait 
any photo-electric discharge from taking place, t'ertain im- 
purities, however, tend to confer photo-electric activity upon 
water, and, according to Bloch, $ it is e.xtremely difhcult to 
secure pure water which will show no trace of such activity. 
The subject h;us recently been investigated afri-sh liy Hughes, § 
who finds a very small irregular leak from a water surface, 
which he attributes to some spurious effect, such as the action 
of stray light or traces of impurity. 

The activity of many of the aniline dyes was notii-ed soon 
after the discovery of the photo-electric effect. Stoletow j| 
observed a discharge from solution of eosin, fluorescene in 
ammonia, fuchsin, and anilim; violet, and in a later jiaiwr 
refers to the extreme sensibility of fuclisin and aniline green 
and violet, whether in the solid state or in solution. Hall- 
wachsfl observed the activity of solutions in water of fuchsin, 
cyanin, iodine green, also of potassium nitrate, formic acid, 
and aniline. 

G. C. Schmidt ** also made exiwriments on the aniline dyes 
cosin, fuchsin, methyl-violet, maladiite-green, and magdala- 
red. In the solid state these all showed photo-electric activity. 
In solution the results were difficult to interi>rct : 


* Bichat and Bhmdlnt, C. IL, 106 , p, *149, 

t Kreusler, Ann, d. Physih, S. pp. 412-433, 1901, 

I E, Bloch, C. /?., 148 , pp. 6at--622, 

§ Hughes, Phil, Mag,, 24 , pp. 38c)--39<'i, un3, 

II Stoletow, C. It, 106 , p. IS93, tBHB; lOS, pp. tHt-tm* ^8%. 
If Hallwachs, Ann, d, Physik, $% p, tm, 1889. 

G. C. Schmidt, TFiefi. Ann, dtr Physik, 64, p. 708, i8f8. 
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Solvent. 

Fuchsin (i/iooo 
normal). 

Methyl-violet 

(saturated). 

Water .... 

219 

240 

Alcohol .... 


157 

Amylalcohol . 

0 

175 

Acetone .... 

5 

33 


Fuchsin and methyl- violet are not very different in chemical 
constitution, yet there are marked differences in the photo- 
electric activities in the table. Malachite-green showed activity 
in all four solvents ; magdala-red showed activity in solution 
in alcohol and amylalcohol, but not in acetone. Eosin, 
though not strongly active, shows some effect in all four 
solvents. 

0. Knoblauch * * * § has published a lengthy list showing the 
photo-electric discharge from various organic substances, in- 
cluding a large number of aniline dyes. 

Solid surface films are formed on aqueous solutions of 
various organic dyes. These films gradually increase in 
strength up to a definite limit. Rohde f has shown that in 
the case of fuchsin and methyl-violet the film manifests photo- 
electric activity, which also increases up to a limit. This has 
been confirmed by Plogmeier,| who showed that the pheno- 
menon is not due to an oxidation process. Inorganic colloids, 
like arsenic and antimony trisulphides, exhibit similar be- 
haviour. The formation of a surface film does not always 
proceed parallel with the photo-electric effect. 

A large number of organic substances, mostly derivatives 
of benzene, have been examined by Stark and Steubing,§ with 
a view to testing Stark's theory of the absorption of light by 
these compounds. The investigators come to the conclusion 


* O. Knoblauch, Zeit. Phys. Chem., 29, p. 52/^ 1899. 

t Rohde, Ann. d. Physik, 19, pp. 93 S~ 959 » I 90 ^* 

I Plogmeier, Deutsch. Phys. Gesell. Verh., 11, pp. 3^2— 39 ^» 1909* 

§ Stark and Steubing, Phys. Zeit., 9, pp. 481, 661, 1908. 


F 
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that the absori)tion of light in absorption bands slnuled to- 
wards the red is accompanied by a plioto-eli'clric ettVet and 
also by fluorescence. (Sci; Chapter XI 1 1.) 

The photo-electric projuTties of anthracene (Chapter XIV, 
p. 202) have been the subject of a number of inv<-stigations.* 
Pochettino showed that tlie photo-c-Iectric ihiect is of the 
same order as that of zinc, being greater for the fused than 
for the crystalline substance. Unless the material is in very 
thin layers the activity diminishes with the time. Tins is 
attributed to the high insulating power of the solid, which per- 
mits the accumulation of a positive charge upon tiu' surface. 
Stark and Steubing found photo-electric activity not only 
with solid anthracene but also with anthracene vapour. P.yk 
and Borck confirmed the result that the solid shows a real 
photo-electric activity, special pn'cautions being taken to 
guard against errors due to the fact that the .substance is a 
good insulator. Hughes made experiments with anthraeem' 
in a high vacuum, and found that it was only active for wave- 
lengths shorter than 200.2 fi/i. 

The photo-electric, properties of insulating materials have 
been investigated by R. Kc'iger.f Almost all such boilies lose 
a negative charge when exposed to the tight of an electric arc. 
The material to be te.sted was in llie form (»f a sipiare plate of 
side 6 cm. On the back of the jilate was a ciia ular <iisk of 
tinfoil of diameter 4 cm., in midallic eonneetion with tlu* 
negative terminal of a battery giving 2400 volts, 'fhe negative 
charge from the ilhnninattal front surface was la-eeiveil liy a 
parallel metal plate connected to one set of tpiadrants of an 
electrometer. The following results were obtained, using the 
light from an arc lamp. 


* A. Pochettino, AUi dci Lincei {$), 15 ( 0 . pp. ; 15 pp. ijl-’ 

179, 1906. Stark and Steiibing, Phys. ZnL, % pp. 4K1, «ii. Ilyk aiicl 

Borck, Dmisch, Phys. CkseiL V&rh.> 12 , pp. i9u». Steubing, ikuisek. 

Phys. GeseiL Verh.> 12 , pp. 867-^868, 1910. L. S. Stevenmiri, JtmrPL Pkys. 

Chem., 15 , pp. B43-865, 1911. Hughen, PhiL 24 , pp. jHo jt/), 1913, 

t R. Reiger, Ann. d. Pkysth, 17 , p. 935, 1905. 
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Insulator. 

Thickness in 

Current in Amp. 


mm. 

X 10'"^®. 

Elionitc .... 

1.05 

17.8 


2.94 

70.0 


5-07 

33-5 

Mica .... 

0.6 

18.8 

Sealing Wax . 

2.85 

35-2 

Wax ' . . . . 

4-7 

2-3 

Resin .... 

4*75 

16.4 

Glass ^ (various kincLs) . 1 

0.12 to 0.35 

4.5 to 19.9 


These cxpc'rimcnts were carried out in air at atnaospheric 
pressure. Reiger I also made observations in a vacuum, and 
found that, when the insulating material (glass) was illuminated 
by ultra-violet light, it became, a source of kathode rays, for 
which the ratio of the charge to the mass {e/m) was measured- 
and found to be in agreement with Lenard’s value. 

W. Wilson J examined another insulator, shellac. He 
found no discharging action with ultra-violet light. This is 
in accordance with the fact that shellac is proportionately 
very transparent for ultra-violet rays. Although shellac 
itself is not photo-electrically active, it allows the photo- 
electric' c'urrent to pass through it when a thin layer is laid 
upon a metal plate. 

The ('hkmicai. Relations oe Photo-electric Activity 

Cantor § and Knoblauch || have upheld the view that the 
photo-electric current is the result of oxidation. They point 
out that retlucing agents and bodies not fully oxidised lose 
their negative charges rapidly ; oxidising agents and bodies 
fully oxidised do not lose their negative charges. In discussing 
this view J. J. Tliomson writes : " It is, however, I think, 
necessary to distinguish bt'tween the power of combining -with 

* J'cir tho glass platen a jxitential difference of 1200 volts -was employed. 

t Ralgw, Ann, it Phfsih^ 17, p. 947* ^9^5- 

I W. Wilwn, Ann, d. Pkymh, pp. X37-“i28» 1907. 

I Cantor, SiiMungMhfir., 10 $, p. 1188, 1893. 

II Knoblauch, Zeit.f. PhysikalUche Chemie. 29, p. S37. 1899 - 



84 


photo-electricity 


oxygen and the act of combination. We should cxpc'ct tlic 
photo-electric substances to be oxidisable, as they los<‘ readily 
negative corpuscles, and thus get positively chargetl and in 
a fit state to combine with an electro-negative substance like 
oxygen; there is no evidence, however, that tlu' jua'sence 
of oxygen is necessary for the photo-electric effect, in fact 
the evidence the other way seems (juite conchisive, for sub- 
stances like rubidium and potassium enclosed in highly 
exhausted vessels seem to retain their ph(»to-i-lei-tric pt>wer 
indefinitely, and any trace of oxygen originally present would 
soon be absorbed by tlie metals.” 

These experiments with the alkali metals also serve as 
evidence against the view of Chrisler * that hydrogen is essential 
to the production of the photo-electric- current— - that is, if the 
metal could be entirely freed from fiydrogen, it would give 
no photo-electric current. 

Special attention must be drawn to the fact that 
photo-electric activity is not an atomic projH-rty as is 
radio-activity. In compounds of the elenu-nfs tlu* activity 
is found to be a constitutive and not an additive property. 
Thus the sulphides of antimony, U-ad, arsenic, rjianganese, 
silver, and tin arc photo-cle<-tx-ic, while the sulphates are 
not. Again, hydro-chinon gives a considx-iable discharge, 
while its isomer resorcin is almost inactive. Urillouin f found 
that dry ice is photo-electric, while water in the lif[uid state 
is not. 

Further evidence to show that photo-electric activity is a 
constitutive property is afforded by the work of Ih»hl and 
Pringsheim J on alloys and amalgams. 

With these results as regards photo-electric action we may 
contrast the conclusion that secondary radiation excited by 
Rontgen radiation (Barkla) or radium radiation (McClellantl), 
is additive in character. 

* Chrisler, Phys. Itev., 27 , pp. igoH. 

t Brillouin, Acl. £kctr., xtii. p. 577, iKg7, 

t Pohl and Pring-sheim, Verh. Deutsch. Phys. (Rurtl., ta, pn. iwiy-ouK, 

1910; 16, pp. 431-437. 1913- 
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SoMK Rei.atfji Phenomena 

There are other ([uestions eoniu'eted with photo-eloctric 
action which I have l)ei‘u unable to deal with at length, but 
which may be l)riefly referred to here. 

Many substances wlu-n used as the two poles of a volta- 
meter contaitiing an elect rolytt' show a diffenmco in potential 
when one i)late is in darkness and the other illuminated. This 
effect has Ix'en studied by IkHapierel * and Minchin.f and 
cpiantitatively for silver jdates in various electrolytes by 
Wilderman.J 'I'he iH-haviour of tlu^ silver haloids has also 
l)cen invtistigated by !-uggin.§ 

Several exfH'rimenters have sought to find a change in the 
electrical conductivity of a solution when the latter was ex- 
posed to light. Sonu; of the earlier results were contradictory, 
but investigations with fluorescent solutions carried out in- 
deiJcndently by (!oldinann|! and Hmlgef agree in the con- 
clusion that illumination of the solutiojj Ix'tween the electrodes 
dtK's not affect tlie conductivity, while illumination of the 
colouring matter in th<! immediate neighbourhood of the 
clectrodt^s produces an electro-motive force which brings 
about a change in the ai>parent resistance. These 
phenomena cun Ik* explained by assuming that negative 
electrons are set free from the molecular groups as in the 
liallwachs effect. 

Arrhenius **' found that the conductivity of the silver halides 
was increastsl when they were t?xjx)sed to light. Scholl ft 
experimented tm silv<T iodide itnmersiKl in acjueous siilt solu- 
tion. He c«)ncludcd that disscH iation tiK)k place on exposure 
to light, witlj tins production of ions of Agl and negative 

* K, /.« B, p. ui, Piirk* 11^65* 

f Mirirhiti, 81, p, it»7, 

I Wilclermiiiii Prm, Hay, Sm,, 74 , p, if#o4* 

I Lwggifi. Zfiii,/, pkvn, Chem., B8, p. 577, 

II Cktkhtmiiii, A pm. A, Phynpk, B7, pp. 

^ IltHlgft, i^knimi iimww, iS, pp. a 5-44* 

** Arrhetiliw, Wmp$. p* 1887. 

ft Sc-lioll, d§r Pkyiik, 18 ^ pp. 43^7-4% 
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electrons. Moist silver iodide shows increased conductivity 
when illuminated by violet light, and this is attributed for 
the most part to these electrons which are set free by the 
light. W. Wilson * has proved that silver iodide shows marked 
photo-electric activity when illununated by ultra-violet light, 
but none when illuminated by violet light. Thi‘ electrons 
set free by the violet light have not sufiicii-nt veloiity to 
escape from the substance, but their presence is revealetl by 
the increase in the electrical conductivity. Ultra-violet light 
also causes an increase in the con<luctivity, but this is small 
in comparison with that brought about by violet rays. 'I'lie 
ultra-violet light is effective in separating electrons with 
large velocities, but these are less easily controlled by the 
applied electric field than the slower electrons, and .so the 
conductivity is not greatly changed. 

Ordinary metals .show no increase in electrical conductivity 
when illuminated, though electrons are lilxTatetl. simply in 
consequence of the fact that the munlx'r of free electrtms is 
already so lai'ge that the addition of the iihoto-t'lectrons makes 
no appreciable difference in the total. In the case of the 
granular silver examined by W. Wilson, f light dex’s {)rodtu'e 
an increase of conductivity, no doubt in consetiuence of the 
passage of electrons from grain to grain. 

The sensitiveness of selenium to light, as shown by the 
changes in the electrical conductivity, has lx*cn the subject 
of a very great number of investigations. The explanation 
put forward independently by Bcrndt | aiul by Marc.§ is based 
on the assumption tliat there are a numlxT of 'aIlotri*pic 
modifications of selenium, and that light brings alxjut a trans- 
formation from one variety to another. On tin; other hand, 
Ries II supports the view that the change of contluctivity is 
due to the liberation of slowly moving electrons, which remain 
within the substance and thus increase its conducting power. 
This theory would bring the behaviour of selenium into line 
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with otluT plH)ti>-ch‘<'trir uctions. It is stipportcd by the 
facts that nt) cvchitioa of heat can he detected in the sup- 
posed transfonnations. aiul tliat sideniuni is sensitive to light 
at tlu' temperature of liipiid air. An aiUnpuite discussion of 
the coinpli<*ated and dillicult ([uestions hen; involved is beyond 
the. scope of the present work. 



CHAPTI^R VII 


PHOTO-ELECTRIC SUPSTANClCS-OASltS AND 
VAPOURS 

Photo-klectric: AcTn’iTY OK Cases 

The question wliethei" gases show any photo-deetrie ai tivity 
is a very important one. Since we have to <Ieal with isolated 
molecules instead of with matter in bulk, we might expj-ct in- 
vestigations on this subject to give valuable information as 
to the mode of liberation of electrons from the molecule. The 
effect is, however, extremely small in the cases so far investi- 
gated, and the experimental difliculties are great. 

If some of the molecules of a gas lose negative eleitr<ms 
when irradiated by ultra-violet light, we shouki expect the 
gas to .show increased conductivity. At ordinary pressures 
the electron will probably soon become attached to another 
molecule, forming a negative ion, while the molecuh- from 
which it escaped will act as a jjositive ion, '11ms the gas 
would be ionised. 

Lenard* experimented on gases, using nltra-viok-t iiglit of 
short wave-length derived from a sjjark hetwi*en aluminium 
terminals. The light i)ass(;d through a layer of air 2 mm. 
thick and through a quartz wiiulow. In ortier to prevent .my 
photo-electric, action from surfaces on winch the tight fell, 
they were covered with soap and water. A charged con- 
ductor outside the quartz window lost a positive charge mt»re 
rapidly than a negative. This was explained by assuming 
a greater velocity for tlio negative ion than for the |Kisitive. 
According to Lenard, air, oxygen, carlxmit' acid gas, hyclrogen. 
and coal gas are all ionised in this way. 

These results have been much criticised. J. J. Thomson f 

♦ Lenard, Ann. der Physik. 1 , p. 486 ; 8. p. iy8. 
t !■ J* rhomson, Conduchon oj lihciyicily through p. 454. 
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holds that the small velocity of the positive ions observed by 
Lenard points to the i^resencc of dust particles or small drops 
of impure water, liloch* has investigated the question ex- 
perimentally, and attributes Lenard’s results to dust particles 
in the gas. Stark f nlso criticises the conclusions on the 
ground that tlu' light would have very small intensity for wave- 
lengths less than 180 /ifi. But light of greater wave-length 
is not absorlx'd by hydrogen, which according to Lenard 
shows as much ionisation as carbonic acid gas. 

Schumann has proved that light from near the kathode 
of a vacuun^ tube contains a large proportion of waves of 
extremedy short wave-length (less than 180 The effect 

of this radiation was first investigated by F. Palmer, J who 
found that considerable ionisation of air is produced by waves 
shorter than 185 ft/i, and that the amount increases as the 
wave-length decreases. Lyman § has shown that the radia- 
tion, issuing through a lluoritc window from a vacuum tube 
containing hydrogen at 2 mm. pressure, ionises the air just 
outside tlie window. If this air is blown against a charged 
plate couiuu'ted with an electroscope, the latter rapidly loses 
its chargi^. A pic‘ce of micToscopc cover glass 0.2 mm. thick 
placed on the fluorite window is sufficient to annul the effect. 
The active rays are largely absorbed within i mm. of the 
window. 

J. J. 'ni()mson,il in a paper on the ionisation of gases by 
ultra-violet light, describes experiments by G. W. C. Kaye 
in which the source of light was a vacuum tube pro- 
vided with a Wehnelt kathode which was raised to a 
white lieat. With this arrangement a comparatively small 
potential difference (300 volts) produced a large current 
(about o.i amiicre) througli the discharge tube. The light 
passed through a quartz window 0.4 mm. thick into a small 
box, through which a current of dry dust-free gas was made 
to flow. The gas then flowed between two concentric cylin- 

• c. It, 146 , p. 8 o 3 , 1908- 

t .stark, Vhy.i. Zeit., 10, pp. 614-623, 1909. 
t Palmer, Nalure, 77 , p. 582, 1908. 

I I.yman, Astro-physical Journal. 28 , p. 52, 1908. 

II J. J. 'I'liomson, Camb. Phil. Soc. Pros., 14 , pp. 417-424. ipoS. 
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drical tubes, the outer charged to 100 volts, the inrun- con- 
nected to an electroscope. 

With air the natural leak was incn-asinl tS tinu's as the 
maximum, when the gas was exposed to ultra-violet light. 

With carbonic acid the natui'al leak was iucreaseil as nmeh 
as 16 times by the ultra-violet light. 

With ammonia the natural leak was iucreaseil as much 
as 150 times by the ultra-violet light. 

The ultra-violet light is :d)sorbed by a few milliineti-es of 
air at atmospheric pressure, and is alrsorbed still moi'e st i-oirgly 
by coal gas. The greater portion of tire effective ultra-violet 
light came from quite close to the anode. 

Further experiments were carried out at t “am bridge by 
A. LI. Hughes,* who was unable to obtain definite indications 
of ionisation of air duo to ultra-violet light which hail passeil 
through thin quartz plates. But one particular plate of fluorite 
was obtained which transmitted ultra-violet light capable of 
producing positive as well as negative ions in air. If negative 
ions alone are produced by the light they may hi' due to surface 
ionisation, but the presence of positive carriers indicates an 
actual ionisation of the air by the ultra-violet liglit. Special 
experiments with a Wilson expansion a|)paratus were carried 
out to show that dust ixrrticlos had been effectually removed. 
The mobilities of the positive ions produced by ultra-violet 
light and by X-rays were found to be idi^ntical. According 
to Hughes, the ionisation of air by ultra-violet light sets in 
at about wave-length 135 [tft. If we assume that this i-ritical 
wave-length is associated with the oxygen of the air. and 
that Einstein’s formula with Planck's constant can be applied 
to this case, the ionising potential may be calculated, and is 
found to be 9.2 volts (Hughes). Tliis agrees well with the 
value, 9.0 volts, found for oxygen by Franck and ihirtz.f 

The conclusion of Hughes that the ionisation of air by 
light caimot be produced by light whose wave-length is greater 
than about 135 (ipi. is not accepted by Lyman. J Ikilmi;r has 

* Hughes, Pyoc. Camb. Phil. Soc., 15 , pp. 483-491, 1910 ; Phil, Mae.. 26 , 
p. 68 s, 1913- 

t Franck and Hertz, Deutsch. Phys. Ceselt. Verh., 15 , p. 34. 1913. 

} Lyman, Phys. Zeitschy., 13 , pp. 583“S84, 1913 ; Natwe. 91 , p. 371, 191 3, 
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found a small but perfectly definite volume ionisation using 
the light from a mercury arc, and Lyman has been unable to 
discover any lines in the spectrum of the arc below 140 fx/i. 
According to Bloch * ionisation is produced by the light from 
an arc in quartz — ^that is, by light whose wave-length is longer 
than 170 iifjL. 

The volume ionisation produced in a gas by light of ex- 
tremely short wave-length has been carefully studied in a 
later investigation by F. Palmer, f The source of light was a 
discharge tube containing hydrogen. There are strong hydro- 
gen lines from 165 [ifi to 125 ixfji. The light passed from the 
discharge tube through a window of clear white fluorite 
into a “ screen cell ” containing oxygen. By varying the 
pressure of the oxygen in this cell more or less of the effective 
rays could be cut off. From this cell the light passed through 
a second fluorite window into the ionisation chamber. A 
current of gas was passed through the ionisation chamber, 
and thence, with the ions there produced, into the testing 
cylinders. The Hallwachs effect was eliminated by coating 
the surfaces exposed to light with soap solution. The ex- 
periments showed marked ionisation in air and oxygen, 
practically none in hydrogen, and an unexpectedly large 
effect in nitrogen. This may be due to strong absorption in 
nitrogen for wave-lengths between 150 and 130 jx/j,. 
The extremely small ionisation observed with hydrogen proves 
that the effects with the other gases cannot be due to photo- 
electric action at the surfaces of the ionisation chamber or to 
dust. The insertion of a long plug of cotton-wool in the 
stream of gas was without influence, again proving that dust- 
had been effectively removed. Curves were obtained showing 
the ionisation produced for various pressures of the oxygen 
in the screen cell. It was found that the power of ioni- 
sation increases greatly with decrease in wave-length, so 
that the currents obtained were large compared with the 
values of other observers. 

If a gas in the luminous state emits rays which are photo- 

♦ Bloch, C. R., 155, p. 1076, 1912. 

t F. Palmer, Rhys. Rev., 82, pp. 1-22, igii. 
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electrically active, it might be expected, if the omission of 
electrons is a resonance effect, that the saim' gas when exposeil 
to these particular rays would show greater photo-electric 
activity than when it is exposed to rays from other sources 
of light. In order to test this point Camiegieter* construct ed 
an apparatus consisting of a discharge tuhi', an absorption 
space, and an ionisation chamber. Ifaeh part was 
airtight, and could be filled with any desired gas. No 
selective effect of the kind sought for w:is observetl in these 
experiments. 

An elaborate investigation carried out by l.enard I in 
collaboration with C. Ram.saucr at tlu; Radiologisches Institut 
of Heidelberg explains many of the earlier ditheuities in con- 
nection with the action of light on gases, and shows tliat, in 
consequence of the presence of small traces of impurities, tlic 
effects are often very complicated. 

Three different actions of ultra-violet liglit on dust-free 
gases may be distinguished : 

1. The formation of electrical carriers of molecular size, 
caused by selective absorption of the light. 

2. Chemical action — c.g. formation of ozone in oxygen, 

3. The formation of condensation nuclei, (hat is tlu* forma- 
tion of solid or liquid products by the direct action of the 
light on the gases. 

It is extremely difficult to remove tlu; last traces of easily 
condensed gases and vapours, .such as CO.,. NH,, organic 
vapours, and H^O, present in small quantities in the air. 
Even if the aii is carefully purified it is liable to i'ontumina- 
tion again, for the walls of tlic vessel spontaneously give off 
traces of vapour which they have previously al>s(«'het! from 
the air, unless such surfaces are heated to dull redness. These 
impurities lead to the formation of nuclei, originally unehargeri. 


Cannegieter, Koninh. Akad. Wetensek, Amsterdam. IS, ih}. iiu- 

1119, 1911. < . *». ei». 14 

ultrt " Uebordio Wirkungen whr kurweHigcn 

J^!pt’849-8S C. rnmmmr. PhU. M^., 
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when the air is exposed to ultra-violet light. These molecular 
^■ggrsgates are not formed in very pure air. 

The experimental results already recorded show that 
ionisation will be produced in the atmosphere of the earth 
by the solar rays. In the outer regions of the atmosphere 
there will be direct ionisation of the gases through the action 
of the extreme ultra-violet rays, and somewhat lower down 
there will be indirect ionisation due to the presence of dust 
particles which show photo-electric activity for longer wave- 
lengths. There will also be the formation of condensation 
nuclei, such as drops of hydrogen peroxide formed from water 
vapour under the influence of ultra-violet light. These com- 
plicated effects produced in the atmosphere by sunlight (and 
also to a certain extent by kathode radiation from the sun) 
raise important and interesting questions in connection with 
meteorological phenomena * and the propagation of electro- 
magnetic waves round the earth.f Marconi in 1902 observed 
marked differences in the transmission of artificial electro- 
magnetic waves over long distances by day and by night, 
the signals being more easily read by night. Striking effects 
have also been found about the time of sunrise and sunset. 
Eccles has observed corresponding diurnal variations in the 
number and intensity of the natural wave-trains, or “ strays ” 
received at particular stations. These remarkable results no 
doubt depend in some way not yet clearly understood on 
changes in the state of ionisation of the atmosphere. At sea- 
level the air is only slightly ionised, while at the height of a 
few miles it is found by observations from balloons that the 
ionisation is sometimes 20 times that at the surface. At 
greater heights the ionisation is doubtless still larger. Eccles 
supposes that during the day the electric waves travel in a 
comparatively thin shell between the middle atmosphere and 
the surface of the earth, while at night they travel in the 
much wider shell below the high conducting layer postulated 
by Heaviside. Electric radiation starting from a point on 
the earth’s surface is supposed to suffer refraction downwards 

* RamSauer, Nature, 88, p. 212, 1911. 

t Bodes, Proc. Roy. Soc., A, 87 , pp. 79 - 99 < 1912. 
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when it reaches the ionised strcitxim of the atmosphere. By 
means of some siich assumptions it may be possible to aci'ount 
for the phenomena. 

For a discussion of the bearing of photo-electric phenomena 
on atmospheric electricity the reader may bt' rc'h'rred to a 
small volume recently published by Dr. Karl Kahler.’" 

Photo-electric Activity or Vai'ours 

The study of photo-electric {phenomena. wouUl be greatly 
facilitated were it po.ssible to study eonv(‘niently ionisation 
by light in a gas or vapour. The ionisation of gasis can only 
be produced by ultra-violet light of vt'ry short wave-length. 

Only a few vapours are known in which ionisati(m can be 
produced by the action of light. Sodium vapour shows in- 
creased conductivity wlien illuminated by ordinary light. 
Stark f has shown that there is a tnie jdioto-eU'ctric effect in 
the case of anthracene, diphenylmethane, «-naj)hthylamine, 
and diphenylamine. 'riie light pnxlucing ionisation has wave- 
length between i8o and 380 ftft. Steubing { has shown that 
fluorescing mercury vapour is ionised. In these <-xperimenfs 
the apparatus has to be kept at a high temjx'rature. so in- 
creasing the difliculties of the experinu'nt. Iodine vapour, § 
though it absorbs much light, shows no increase in conduc- 
tivity when illuminated. Whiddington i| examined fluorescing 
iodine vapour, but no tnice of ionisation i-ould 1 h‘ detected 
even when the applied electric field was almost eimugh tf> 
produce a discharge. In this exjxTiment the light from an 
arc lamp appears to have. Ixxm filtered through the glass wall 
of the tube, so that no short wave-lengths were matle use of. 

Reference must also Ixi made to some intensting results 
obtained by G. Owen and H. I^ealing.H who found that when 
moist air (or oxygen) containing iodine vapour is illuminated. 

* Kahler, LufkhhtruitlU, pp. 140-144. Snmtnlung tJftscluin. Iterliii und 
Leipzig. 1913. 

t Stark, Phys, ZeiL, 10 , pp. 614-623, 
j Steubing, Phys, Z$iL, 10 , pp. 7^7-79^, iptKj. 

§ Henry, Proo, Camb. PhiL Soc,^ 9 , p. 319. 1E97, 

11 Whiddington, Prac, Camb, PhiL Soc,p 15 , p. 1E9, 1 ^ 39 * 
f G. Owen and H. Pealing, PhiL it, pp. 465-479, 1911. 
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uncharged nuclei are produced which are very unstable, dis- 
appearing in a few seconds in the dark. The presence of the 
nuclei was rendered evident by suddenly expanding the air 
in a Wilson expansion apparatus. This effect seems to depend 
on the presence of small traces of impurity on the glass walls 
of the vessel or on the glass-wool used as a filter for the air.* 
The production of uncharged condensation nuclei in the 
presence of vapours must be regarded as a photo-chemical 
effect which is only indirectly related to photo-electric action. 
Such cases have been studied by Tyndall,! Aitken,! and 
C. T. R. Wilson.§ 

With a view to detecting ionisation due to photo-electric 
action, Hughes || examined the vapours carbon bisulphide, 
carbon dioxide, tin tetrachloride, and zinc ethyl. The source 
of light was a mercury arc in quartz, and the ionisation chamber 
was provided with a quartz window, the shortest wave-length ^ 
employed being 184.9 PH'- <^'^se was any trace of 

ionisation detected. For the same amount of light energy, 
the leak from a zinc or carbon surface would be about a million 
times that of the smallest effect which could be measured in 
these experiments. 

* C/. C. Ramsauer, Phil. Mag,, 23 , p. 852, 1912. 

t Tyndall, Phil. Trans., 160 , p. 337, 1870. 

X Aitken, Proc. Roy. Soc. Edin., 39 , (i), p. 15, 1897. 

§ Wilson, Phil, Trans., 192 , p. 403, 1899. 

II Hughes, Proc. Camh. Phil. Soc., 16 , pp. 376-383, 1911. 

H Proc. Camh. Phil. Soc., 16 , pp. 428-429, 1911. 



CHAPTER VIII 


THE INFLUENCE OF TEMPERATURE ON THE 
PHOTO-ELECTRIC DISCHARGE 

The experimental investigation of the influence of temperature 
on photo-electric activity is of great importance, as the results 
have a direct bearing on any attempt to chu'idatc the mecha- 
nism of the discharge. 

Adopting the view that the photo-electric current is due 
to the emission of negative electrons from the illuminated 
surface, wo see that there arc several ways in which the current 
might be affected by temperature. A change in temperature 
may cause (i) a change in the number of electrons emitted, 
(2) a change in the initial velocity of these electrons, (3) when 
the discharge is carried through a gas, changes in the number, 
character, and velocity of the ions fornied in the gas by ad- 
hesion or collision. 

In addition to the direct action of temperature on the 
photo-electric current there may be secondary actions — e.g. 
actions due to chemical or physical changes in the state of the 
metal surface, or of the gas in contact with it. 

When experiments are carried out in gases at ordinary 
pressures it is very diflicmlt to disentangle! these! cffec'ts; and 
it is not surprising that contradictory results heive been ob- 
tained. It is only from experiments carried out in a high 
vacuum tluit we can hope to obtain clear indiceitions as to 
the relations between photo-electric activity and temperature. 

The early experiments on the influence of temperature were 
carried out at ordinary pressures. Floor * records an experi- 
ment in which a zinc plate was warmed to 55® C., and its 
activity measured as it cooled to the temperature of the room 
(i8“ C.). He observed a considerable increase in the activity 

Hoor, Wien Befiohte, 97 , p. 719, 188S. 

9 ^ 
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as the temperature diminished. Stoletow * made experiments 
on the influence of temperature with platinum plates. The 
apparatus was placed in an air-bath and gradually heated 
to 200° C. The photo-electric effect was found to increase, 
but the changes were somewhat complicated, and secondary 
maxima and minima were observed. Righi f found that the 
positive potential, acquired under the influence of light by 
an uncharged plate in air, increased with the temperature. 

Elster and GeitelJ found no alteration with temperature 
in the discharge current from zinc. On the other hand, they 
observed that the activity of a photo-electric cell containing 
potassium increased with rise of temperature up to about 
6o° C. In this case the metal was contained in a vessel con- 
taining gas at the " critical ” pressure of 0.3 mm. of mercury. 

J. J. Thomson § states that when the temperature is raised 
to about 200° C. there is a very great increase in the current 
from the alkali metals. 

Experiments in air at atmospheric pressure were carried 
out by Zeleny || on platinum and iron wires heated by means 
of an electric current. With a platinum wire the photo- 
electric current at first diminishes as the temperature rises; 
it reaches a minimiim between 100° C. and 200° C., and sub- 
sequently increases up to about 700° C., when its value is 
about twice that at the temperature of the room (Fig. 24). 
A limit to the temperatures that can be employed is imposed 
by the fact that the wire begins to discharge electricity due 
to heat alone, and when this effect is large it is difficult to 
distinguish it from the true photo-electric effect. 

The rate of discharge due to light at any temperature 
depends on the previous history of the wire. This is illus- 
trated by the curves in Fig. 25. When a certain temperature 
is reached by cooling the wire down from a higher temperature, 
the current is much greater than if the wire had been heated 
up to the same temperature. The most marked difference in 

* stoletow, C. H., 108, pp. 1241-1243. 1889. 

f Riglii, Journal d$ Physique, 10, p. 538, 1891. 

X Elster and Geitcl, Wied. Ann., 48, p. 634, 1893. 

§ J. J. Thomson, Conduction of FAectricity through Gases, p. 239. 

II Zeleny, Physical Review, 12, pp. 321-339- I90i. 
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the curves appears at a temperature of about roo” " imli- 
cating that at this temperature some luore or less sudch'ii 
change in the conditions takes place." An obvious sugges- 
tion to make is that the change is connected witli the con- 
densation of water vapour. 

From an iron wire the rate of disehargt; diminishes some- 
what as the temperature is raised, but after passing a minimum 



it increases fairly rapidly and becomes many times as great 
as at the temperature of the room, the current at ymf C. 
being about 40 times that at 15® C. 

Iron did not show the stime tendency as platinum for 
readings taken with decreasing temjx.'ratures to fxcfc*d th«jse 
taken with increasing temperatures. 

Varley and Unwin * carried out many series of obstwations 
I' Varley and Unwin, Proc. Roy. Sac. min., Stt, pp. 1 17- 1 J4. my. 
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on the photo-electric current from platinum at different 
temperatures, using various gases and making the tests (i) at 
atmospheric pressure, (2) at a pressure of about 50 mm. of 
mercury, (3) at very low pressures. The temperature of the 
metal, which was a piece of platinum foil, was varied between 
5° and 500° C. by passing through it the current from two 
large secondary cells. Measurements of temperature were 



TeTTvp&TCbtufe 
Fig. 25 

made by means of a platinum-rhodoplatinum junction. As 
Varley had previously found that satisfactory results could 
not be obtained at low pressures by using wire or gauze elec- 
trodes, owing to the electrons passing through the meshes of 
the gauze, in these experiments the second electrode was a 
copper disk. The source of light was a discharge between iron 
terminals in an atmosphere of hydrogen. 

The final value of the photo-electric current was not 
attained for some minutes after increasing the heating current, 
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though the platinum took up its final temperature within a 
few seconds. 

The curve obtained from experiments in air at atmosplu'rie 
pressure resembles in form that given by Zc'U'ny, but tlu^ 
minimum is at a temperature about 200“ higher (I'ig. 24). 
This may be explained by the fact that Zeleny used a 
voltage of 72 volts for a distance of 1.6 cm., which would lie 
insufficient to give a saturation current, and that in his ex- 
periments the readings were taken at short intervals, tlie 
whole series only occupying about twenty minutes. 

The results in carbon dioxide at atmospheric pressure were 
very similar to those in air at the same pressure. If the 
actual values of the currents observed in carbon dioxide are 
multiplied by 1.22 and then plotted against the temixTature, 
the points fall on the curve for air (Fig. 24). 

In hydrogen the current increases steadily with temixTature 
from the ordinary temperature of the room, the experiments 
being made in gas at atmospheric pressure. 

’i^en the pressure was reduced to somewhat less than 
50 mm. of mercury the results were similar to thost; at the 
higher pressure, but neither in carbon dioxide nor in air was 
a point reached at which the current Ix'gan to increase with 
the temperature. 

In the experiments carried out at very low pressures the 
nature of the residual gas was found to have comparatively 
little influence on the result. 

When a small heating current was passed tlirough the 
platinum the sensibility at first increased, but w’hen a tem- 
perature of 60° C. was reached no further increast; cx’currcd, 
the sensibility remaining constant from 60“ C. to at least 
350° C. 

It is pointed out that the pa.ssagc of the heating current 
through the platinum may produce a change in sensibility 
apart from the rise of temperature produced. 

Interesting results were obtained by Lienhop • from ex- 
periments carried out at low temperatures on carbon and iron. 
He established the fact that both the photo-electric current 

^ » Lienhop, Annalen der Physih, 81 , pp. 381-304, igtA 
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from, and the positive potential acquired by, these substances 
are independent of the temperature, from the temperature of 
the room down to the temperature of liquid air. This was 
done by obtaining the velocity distribution curves, both at 
ordinary temperatures and at very low temperatures, secured 
by the use of liquid carbonic acid and liquid air. The resulting 
curves were of practically the same form at these widely 
different temperatures. 

Dember * found no influence of temperature in a very high 
vacuum in the case of the alkali metals exposed to 
light. This result holds for sodium between 26° and 110° 
(sodium becomes fluid at 96°), for potassium between 34° 
and 70^, and for sodium-potassium alloy between 20° and 
80°. The experiments of Elster and Geitel showing a change 
with temperature were not carried out in the highest vacuum 
but at the '' critical pressure, .3 mm. 

Millikan and Winchester! carried out an investigation on 
the influence of temperature on photo-electric effects in a 
high vacuum. The vacuum was produced by a specially de- 
signed mercury pump made entirely of glass, and could be 
maintained for months, the pressure registered by a MacLeod 
gauge being .00001 mm. The first experiments were made 
with an electrode of aluminium, and went to show , that tem- 
perature had no effect whatever upon the rate of discharge 
of electrons from aluminium, between 50° C. and 343® C. 

Experiments were afterwards made so as to obtain results 
for a series of metals under identical conditions. The metals 
used were copper, nickel, iron, zinc, silver, magnesium, lead, 
antimony, gold, aluminium, and brass. The natural leak of 
the system became so great at temperatures above 150° C. 
that it could not be allowed for with certainty. Between 
25° C. and 125° C. rise of temperature had no effect on the 
discharge of negative electricity from the metals named 
above, the observational error being seldom more than 2 per 
cent. 

These investigators also examined the effect of tempera- 

♦ Dember, Annalen dev Physik, 23 , p. 957, 1907. 

\ Millikan and Winchester, Phil. Mag., 6, 14 , pp. 188-210, 1907. 
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ture on the velocity of projection of electrons from different 
metals. The maximum velocity was determined by measur- 
ing the positive potential assumed under the influence of 
light. 

Between 25° C. and 100° C. the positive potential was 
found to he completely independent of temperatun*, the 
observational error here being less than i per cent. 'I'he 
average time taken to acquire a permanent positive deflection 
of the electrometer needle was about yo seconds. 

Ladenburg* carried out an investigation on tlu* photo- 
electric effect at high temperatures. Referring to the contra- 
dictory results of previous experimenters, lu; points out tliat 
a rise of temperature may alter the surface of the plate, and 
in particular may free it from occhulixl gast's. His exjHTi- 
ments are carried out in a vacuum so good that the free paths 
of the electrons is greater than the distance Ix-twecm the 
electrodes. A mercury vapour lamp of (juartz was used to 
illuminate the plate E through the quartz window Q 
(Fig. 26). 

The leak was measured by a s<'nsitive I)olez.'tlek <'lcctro- 
meter, using Bronson’s method. In this metliod a higli re- 
sistance is employed, consisting of an air condensttr (W, I'ig. 26) 
in which the air is ionised by ;i radio-active salt (K). The 
resistance in this case amounted to 4.55 x io» {>hms. 

Electrodes of platinum, gold, and iridium were used, and 
they could be heated by a current from accumulators. The 
plates were about .01 mm. thick and .8 x.3 cm. in area. The 
temperature was determined by measuring the resistance. 
In order to free the plates from occluded gases they were Iteatetl 
for several hours before an exjx’rimcnt, an autonuitic pump 
being at work the whole time. If air or hydrogen is allowed 
to remain occluded in a (platinum) plate, the photo-electric 
activity may be 50 per cent, greater than with a gas-free 
plate. 

It was impossible to test the plioto-electric activity for 
temperatures above 800“ C., since at higher tem{)cratures 
discharge takes place without illuminating the plate. 

* Ladenburg, Deutsch. Phys. Gesell, V«rk., 9 , pp. 165-174, 1907. 
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As the temperature is raised from 20° C. the activity in- 
creases to a maximum at about 100° C. and then diminishes. 
By repeating the heating and cooling several times in suc- 
cession, this maximum becomes less marked, and finally dis- 



its appearance. Since it occurs at about 100° C., Ladenburg 
attributes it to water vapour. Iridium and gold gave 
results similar to platinum. It is concluded that the number 
of electrons emitted from these metals is independent of the 
temperature of the illuminated plate up to about 800° C. 
The velocity of the electrons emitted was measured at 
various temperatures by determining the magnetic deflection, 
as in the experiments of Lenard. No alteration in velocity 
with temperature could be observed. 
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Jakob Kunz* found that the positive potential acquired 
by sodium-potassium alloy does not increase with increasing 
temperature ; there was rather a slight decrease of the de- 
flection, attributed to increasing conductivity of the glass wall 
of the cell. 

Reviewing the experimental work available as to the 
influence of temperature on photo-electric effects, the balance 
of evidence is in favour of the view that, when secondary 
actions are eliminated, the number of electrons and the velocity 
of emission are independent of the temperature. 

Incidentally we may notice that the alteration of resistance 
of selenium when exposed to an arc lamp is independent of 
temperature, from the temperature of the room down to 
—185° C.f Further, the effects of phosphorescence, which 
according to Lenard’s theory is intimately connected with 
photo-electric emission, can be observed at the lowest ob- 
tainable temperatmes, certainly at the temperature of solid 
hydrogen. 

The results are to be explained, according to Lienhop, by 
asstiming that the electrons emitted under the influence of 
light are quite different from those that bring about the emis- 
sion of light when the temperature is raised. The internal 
energy of the electrons of the photo-electric discharge is not 
affected by temperature. 

Ladenburg prefers a different explanation. Active light 
has a very high frequency. The electrons in the illuminated 
plate are in a certain state of vibration at a definite tempera- 
ture. A certain proportion of them are caused to resonate 
by the incident light and are discharged. If the temperature 
IS raised to 800° C., more electrons will vibrate with a higher 
frequency than at lower temperatures ; but the increase in the 
number of resonating electrons is too small to be observed. 

The negative electrons liberated from a metal exposed to 
radiation may he attributed to two possible sources They 
rnay come from the “ free ” or ” metallic ” electrons, to which 
the conductivity of the metal is due, or they may be derived 

* Jakob Kunz, Phys. Rev., 29 , pp. 174-6, 1909. 
t Pochettino, Hend. R. Acc, dei Lincei, 11, p. 286, 1902. 
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from atomic systems which become unstable under the in- 
fluence of the radiation. 

According to the first view, the free electrons by absorbing 
energy from the incident light must acquire a velocity suffi- 
ciently great to enable them to escape from the metal surface. 
If the temperature is raised the Idnetic energy of the free 
electrons is increased, as these are supposed to be subject to 
the ordinary gas laws, and a smaller increase in energy would 
be required to permit them to escape. Thus we should expect 
the number of electrons emitted in unit time to increase as 
the temperature rises. But if the energy of a " free ” electron 
in the metal is small compared with the work an electron 
would have to do to escape, this increase would be a small 
one and might only become appreciable at high temperatures, 
when thermionic emission would be on the point of taking 
place. 

If, however, the electrons are, as it were, expelled from 
the atoms by a species of instability induced by the incident 
light, we should not expect temperature to have any influence 
on the number or velocity of the electrons liberated, since we 
have no reason to believe that the internal energy of the 
atom is dependent on temperature. 
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THE INFLUENCE OF THE CHARACTER Oi- THE 
LIGHT ON THE PHOTO-ELECIRIC DISCHARGE 

In order to form a theory as to the way in wliich light -waves 
bring about the liberation of ele<'trons from {ihoto-eleetrie 
substances, it is essential to study the; r(‘lation iH-tween the 
photo-electric discharge and the character of the light em- 
ployed. We must examine the influenct! of the light iKJth 
on the number of the electrons exptdled ami on the velocity 
with which they leave the substance. l*or each of these 
factors we must investigate what cliange, if any, is brought 
about by varying (i) the intensity, (a) the {)lane of jM>lurisii- 
tion, (3) the frequency of the exciting light. 

Before . beginning the study of thesti relatitms it will Ixj 
convenient to pass in review the sourct's of light * tlmt have 
been employed in photo-electric exi)eriinents. 

Sources of Licht 

Except when experiments are made with the? more electro- 
positive metals, we require a sourct; of liglit which shall lx? 
rich in ultra-violet rays. The, light of Irurning magnesium 
may be used for qualitative exj>crim(?nts, but for <|uantitativti 
work a more constant source is re{iuirc?d. We have »i?er» that 
sunlight has sometimes been employed, Imt most t*f tlu* 
ultra-violet rays from the sun arc absorbed by the atiiiospheie 
The author has employed the light of a jx>w» rftrl Nernst lamp 
supplied with current from a battery of accmiml.itt*rs. but tin? 
photo-electric effects obtained with ?.inc or aluminium an? imt 
large, currents of the order of lo-*’ amjx?n‘s Ix-ing m-ua! with 

* Sources of liglit .suitable for jihotti-t-humual two- Urm ib , 

cussed by Dr. Johannes Plotnikow in tiis lKx>k /'Aoro-tAciwiu 
Leipzig, 1912. 
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plates 5 cm. in diameter. W. A. Scoble has photographed the 
spectrum of the lamp ; in no case was any effect produced 
beyond wave-length 210 and the results were compara- 
tively faint from at least 250 [jifji. By far the greatest photo- 
graphic effect was obtained in the visible violet and blue. 

The three sources most frequently employed are the arc, 
the spark, and the mercury vapour lamp. The arc was used 
by Hertz and Hallwachs. Righi used an arc between carbon 
and a rod of zinc, Bichat and Blondlot used a positive carbon 
with aluminium core. 

The photo-electric radiation from the arc has been made 
the subject of a research by R. Lindemann.* The photo-elec- 
tric current from a sensitive (CuO) plate was measured and 
plotted against the potential difference, current strength, and 
length of arc respectively. Arcs between impregnated carbons 
produce a smaller photo-electric current than arcs between 
homogeneous carbons. The greatest effect is due to the light 
from the violet tufts at the extremities of the electrodes, which 
consist of unburnt carbon vapour, and not to that from the 
surrounding aureole. 

Varley f recommends as a constant source of light an arc 
between iron terminals, preferably in an atmosphere of hydro- 
gen. In his experiments the terminals were connected to the 
secondary terminals of an induction coil with three large 
Leyden jars arranged in parallel. An alternating current of 
4 amperes passed through the primary coil. The ultra-violet 
light obtained from this source remained practically unaltered 
in intensity for hours and even days. But the arc could not 
be run continuously ; it was usually employed for ten-second 
periods every few minutes. 

The spark was used as a source of light in the original 
experiments of Hertz, and many later experimenters have 
employed a spark between terminals of aluminium, zinc, or 
cadmium. Lenard used a 6 mm. spark between zinc ter- 
minals ; in other experiments he employed a spark between 
aluminium terminals, emitting a very easily absorbed radia- 

* R. Lindemann, Ann, d. Physik, 19 , 4, pp. 807-840, 1906. 
f Varley, Phil. Trans., A, 202 , pp. 439~"458, 1904. 
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tion which is inappreciable after passing through a few centi- 
metres of air. Kreusler and Branly xised a spark between 
aluminium terminals. 

The spectra from sparks between metallic terminals have 
been photographed by Lyman* in the extreme ultra-violet 
or Schumann region. In the case of the aluminium spark the 
spectrum contained some strong lines betwi'cn 1H3 ft/i and 
160 but between 160 pfc and 125 /i/i there was only 
one group of any strength, at about 130 fift. 

In examining the effect of various wave-lengths of thi; 
exciting light, Hughes f found that reliable results could not 
be obtained when the spark was used as a source. Millikan J 
has given an account of some remarkable efha-ts produced by 
using very powerful sparks, which caused the emission of 
electrons with velocities unusually large. He has sinci^ shown 
that these anomalous results arc due to im|x^rfect screening 
from electro-magnetic waves, and that when a powerful spark 
is used as a source of light very great precautions are necessary 
to avoid this source of error. 

The introduction of the mercury vapour lamp has provided 
a very convenient source of ultra-violet radiatitm, which 
possesses the advantage that the light intensity can Ih‘ main- 
tained approximately constant over long jH-rititls of time. It 
is of course necessary for constancy that the pressure of tlm 
electric supply should remain unchanged. Wlien current is 
supplied to such a lamp from a battery of accumulators, I 
find that from fifteen to twenty minutes must <'laj>st' In-htre 
a steady state is attained, and even after that time there 
appear to be small variations, roughly {HTitKlic in charai-ter 
with a period of about ten minutes, in the intensity of the 
light emitted. 

Mercury vapour lamps can be obtained c{mstructed of 
ordinary glass, of Uviol glass, which transmits con- 
siderable ultra-violet radi-ation, and also of fused (piartz. 

* Lyman, Phys. Zeitschr., 18, pp. 58? <iK4, uju ; Jmirn.. 88 . 

pp. 341-3 S3» ; Nature, 91, p. 371, 3^, 

t Hughes, Phil. Trans, Roy. Son., B19, 

t Milhkan, Phys, Rev., 84, p. 68, 1912 j 35^ p. lyu ^ 7.1-7$, 

1913* 
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Photometric measurements made with the quartz lamps of 
the firm of , W. C. Heraeus have been given by R. Kiich 
and T. Retschinsky* both for visible and ultra-violet 
radiation, t The spectrum has been photographed and mea- 
sured as far as wave-length 334 /j.fi by J. Stark.J using a 
three-prism spectroscope constructed of Jena ultra-violet 
glass. 

T. M. Lowry § has photographed the spectrum of a lamp 
in my possession, using lenses and prism of quartz. With a 
short exposure a well-marked fine spectrum was obtained, 
extending to about 240 

Hallwachs || has published reproductions showing the ultra- 
violet spectrum, photographed with exposures from i to 
256 seconds. In the last case a faint line appears at 221 /x/i. 

The emission in considerable quantity of waves of still 
shorter wave-length is shown by the production of a large 
amount of ozone, indicating the presence of light of wave- 
length less than 200 (see p. 203, Chapter XIV). This 
renders it advisable in some cases to place the lamp outside 
the room in which work is being carried on. Care must be 
taken to avoid more than a momentary exposure of the naked 
eye, or even the skin of the body, to the direct light from 
the lamp. 

Hughes IT has shown that the light from the mercury arc 
in' fused quartz extends to wave-length 184.9 where he 
finds a line that can produce a definite impression on a photo- 
graphic plate. The most refrangible line observed by Lyman ** 
is at 177.5 ixfi. 

Only a few experimenters have attempted to use the 
extremely short waves investigated by Schumann and Lyman. 
These waves are absorbed by a few millimetres of air at ordi- 

• Kiich and Retschinsky, Ann. der Physik, 20 , pp. 563-583. 1906 ; 22 , 
pp. 595-602, 852-866, 1907. 

t See also V. Henri, C. R., 153 , pp. 265-267. 426-429, 1911. 

t J. Stark, Ann, der Physik, 4, 16 , pp. 490 - 5 iS> I 905 - 

§ See the Royal Institution lecture summarised in Nature, 91 , pp. 543-544. 
1913, where a similar photograph is reproduced. 

II Hallwachs, Ann. d. Physik, 30 , pp. 598-601, 1909. 

f Hughes, Proc. Camb. Phil. Soo., 16 , p. 428, 1912. 

♦* Lyman, Nature, 91 , p. 37 L 1913* 
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nary pressures. They can bo pnxlucecl by passi.iK art .•U-.-trie 
discharge through a vacuum tube coutainiag hy<ln.gcu (as far 
as wave-length loo H niorcury vapour (a strong spo trum 
between 165 and 103 

actually in the same vacuum us that through whu'h tht- <lis- 
charge passes it is necessary to use a window to separate th<^ 
discharge tube from the chamber containing the test- plate. 
Fluorite, the most transparent substancti known, (uity trans- 
mits as far as 123 n^i, and it is very diflicult to obtain good 
specimens. Quartz comes next to fluorite in order cd trans- 
parency. Plates of quartz i mm. thick will transmit as far as 
150 nil, but the absorption rapidly increases with the thick- 
ness. 

Hughes t has made experiments in which the mercury arc' 
and the metal plate under test were placed in the same vacuum. 
By assuming Ladenburg’s law (p. 130), which is at any rate 
approximately true over the range investigated, he finds that 
the ultra-violet spectrum of mercury, investigated electrically, 
extends to about 123 ni*- There is no appreciable radiation 
between 145 and 178 The limits calculated in 

this way are probably less accurate than those? given 
by Lyman. . 

In order to examine the effect i)roduced by definite regions 
of the spectrum, the light from the source may lx; resolved by 
spectrum analysis, using either a diffraction grating or a 
prism. Convenient forms of a momx'hromatic illuminator for 
this purpose have been constructed by the firm of Ailam 
Hilger (London). 

Another method which is often useful in dealing with the 
ultra-violet portion of the siwetrum is to make ust> of suitable 
screens which transmit a known region of the sjxx trum. Tims 
by using fluorite plates possessing difh'rent trans|>arency 
limits Hughes X was able to show that the ionisitiojj of air 
by ultra-violet light sets in at about 135 /tfi- Borne years 
ago R. W. Wood§ suggested the use of the jx'culiur optical 

* Lyman, Nature, 84 , p. 7L 1910, 

t Hughes, Phil Mag,, 21, pp. tgu, | lliiii, p. nil j. 

§ Wood, Phil Mag., 5 , pp. 257-^263, ( 17*11 ri. p, i|. 
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properties of nitroso-dimethyl-aniline in order to construct 
screens that should be transparent only to ultra-violet light 
J. Plotnikow * has described a number of filters suitable for 
use with a mercury vapour lamp in order to isolate definite 
regions in the spectrum. 

The absorption by gases of the ultra-violet portion of the 
spectrum may also be utilised, as in the experiments of Palmer 
already described (p. 91). The coefficient of absorption in 
a number of gases of hght which had passed through quartz 
windows has been measured by Varley.f 

INFLUENCE OF THE INTENSITY OF THE LIGHT 
ON PHOTO-ELECTRIC PHENOMENA 

The Number of Electrons 
The number of electrons emitted is directly proportional 
to the intensity of the acting light. This fact, which is of 
fundamental importance in connection with the theory of 
photo-electric action, has been verified over a wide range. 
On this proportionality is based the use of a photo-electric 
cell in photometric measurements referred to in the intro- 
ductory chapter. Elster and Geitel J were the first to suggest 
the construction of a photo-electric photometer for measuring 
the intensity of sunlight, and in their first experiments they 
employed a surface of amalgamated zinc, which is sensitive 
to the shorter wave-lengths. The employment of such a 
surface was justified by experiments in which it was illu- 
minated by light from a spark whose distance could be varied 
in a known manner ; good agreement was found between the 
observed results and those calculated on the assumption that 
the discharge of electricity was proportional to the intensity 
of the light. 

Elster and Geitel § also record some data obtained with 
potassium cells that go to prove that the rate of discharge 
of electrons is directly proportional to the light intensity for 

* Plotnikow, Photochemische Versuchstechnih, Leipzig, 1912 . 

I Varley, Proc. Camb. Phil. Soc., 12, pp. 5io-5i6» 1904 * 

J Elster and Geitel, Wied. Ann. d. Physih, 48, pp. 33^— 373» iSi93* 

§ Elster and Geitel; Ann. der Physih, 48, p. 625 , 1893 . 
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e-mail ranges of the latter. The walls of the cells were of glass, 
so that very httle ultra-violet light penetrated, to the potas- 
sium surface. The source of light was a petroleum lamp 
or an Auer gas burner. 

The relation between the photo-electric current and the 
intensity of the light was investigated by Lenard,* who assumed 
that the intensity varied inversely as the square of the dis- 
tance between the source and the detector. He obtained the 
following results : 


r. 

I. 

E. 

E 4 -I. 

20.6 

23.6 

231.0 

9-77 

46.3 

4.64 

369 

7-94 

86.5 

1.44 

10.6 

7.42 


Lenard infers that E/I may be regarded as constant. 

Indirect support was given to Lenard’s conclusion by ex- 
periments carried out by Ladenburg f in which the angle of 
incidence of the light was varied by rotating the steel mirror 
upon which the light fell. If the value of the photo-electric 
current is divided by the cosine of the angle of incidence, the 
result is constant within the limits of experimental error. 
These experiments were carried out in a vacuum. 

The relation between the intensity of the ultra-violet light 
faUing on a negatively charged zinc plate and the quantity 
of electricity set free has been investigated by I. O. Griffith. | 
By varying the intensity of the light in the ratio i : 126 he 
found that the ratio of the photo-electric current to the light 
intensity did not remain constant, but increased with increase 
of intensity at a gradually increasing rate. These experi- 
ments, however, were not made in a high vacuum, but at a 
pressure of several millimetres of mercury. 

* Lenard, Ann. der Physik, 8, p. 154, 1902. 
t Ladenburg, Ann. d. Physik, 12 , pp. S73-4, 1903. 
if Giiffitli, Phil, Ma^. (6), 14 , pp. 297-306, 1907, 
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The dependence of the photo-electric current on light 
intensity has been investigated by F. K. Richtmyer.* He 
measured the current from the surface of sodium contained 
in a glass cell. The cell was placed in a wooden box blackened 
on the inside, and the light from a 16 c.p. incandescent lamp 
fell upon it after passing one or more sheets of ^vriting-paper. 
The intensity of the light incident on the cell was altered by 
varying the distance of the lamp and the number of layers 
of paper. A small current was observed even when the cell 
was in the dark. This was attributed to the fact that the 
sodium surface was highly electro-positive with regard to the 
second electrode, which was a platinum wire, and so produced 
a current over the slightly conducting surface of the glass 
walls of the cell. By charging the platinum wire connected 
to the sodium to a (negative) potential of about 3 volts (the 
contact potential difference between sodium and platinum) 
this effect could be eliminated, and the current obtained was 
due to the light alone. 

The results of the first experiments are given in the table. 
They show that the photo-electric current from a sodium 
siirfacc at zero potential is proportional to the light intensity 
for ranges of intensities from (approximately) 0.007 c-f- to 
0.5 c.f. 


Lamp to 
Window. 


Two thicknesses of Paper. 


Relative light 
Intensity = I. 


10.00 ft. 

.0100 

0.318 

6.50 

.0236 

0.646 

5.00 

.0400 

1-033 

4.00 

.0625 

1-573 

3 - 5 ° 

3.00 

.0816 

.III 

2-055 

2.682 

2 - 7 S 

.131 

3.20 

2.50 

2.25 

i .160 

.197 

3*93 

4.80 


Deflection per 
second = E. 


E 
I * 


31.8 

27.4 

25.8 
25.2 

25.2 

24.2 

24.4 

24.6 

24.4 


RicMmyer, Physical Review. 29, pp. 71-80, 404-408, 190^ 
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One paper removed, increasing illumination 4.75 times. 


Lamp to 
Window. 

Relative Light 
Intensity = I. 

Deflection per 
second = E. 

E 

I* 

4.00 

.297 

7.51 

25-3 

3-50 

■387 

9-79 

25-3 

2.50 

.760 

18.53 

24.4 


In a second investigation the observations are extended 
over a much larger range of light intensities. The current from 
the ceU with a 12-volt battery was measured with a sensitive 
d’Arsonval galvanometer. The effects due to contact E.M.F. 
were far too small to interfere with these experiments. The 
source of light was an arc between solid carbons. For ten or 
fifteen seconds after lighting, the arc was found to be fairly 
steady, especially when the arc length was increased just 
beyond the hissing point. The intensity was varied by alter- 
ing the distance of the arc from the cell. Up to the highest 
intensities employed (about 600 candle-feet) the photo-electric 
current was found to be directly proportional to the intensity 
of illumination. 


Arc from 
Cell. 

; Illumination in 
: Candle-feet = I. 

I 

10.00 ft. 

19 

8.00 

30 

6.50 

45 

5-50 

63 

4*75 

84 

4.00 

118 

3*50 

155 

3.00 

210 

2.50 

304 

2.25 

375 

2.00 

475 

1-75 

620 




Photo-electric 

Current, 

Amp, X io-^ = E. 



5-9 

8.7 

12.5 
16.4 

22.6 

31-4 

38.8 

52.6 
79*5 
97-5 

123.0 

160.0 


.310 

.290 

.278 

,260 

.269 

.266 

.250 

.250 

.258 

•259 

.260 

.262 
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From these results we should conclude that the law of 
proportionality holds over an extremely wide range of light 
intensities, though some recent experiments by H. Dember * 
indicate a diminution in the photo-electric current in com- 
parison with the light intensity, for large values of the latter. 
These experiments were carried out with two mercury vapour 
lamps and an arc lamp ; the photo-electric current obtained 
when the cell was illuminated by two lamps simultaneously 
was smaller than the sum of the currents obtained with the 
same lamps used separately. The cells used were not exhausted 
to the highest attainable vacuum, though in one set of experi- 
ments with a potassiiim cell the pressure of the hydrogen was 
only 0.05 mm. of mercury. Further experiments with large 
light intensities seem to be required. 

The variation of current with intensity of illumination has 
been considered in the course of a research by J. G. Kemp f 
on the sensibility of photo-electric cells with alkali metals in 
an atmosphere of hydrogen. Using a potassium cell in which 
the surface had been coloured bluish violet through the forma- 
tion of a so-called hydride, Kemp found that the current was 
directly proportional to the intensity of illumination up to 
I candle-foot. The largest error observed amounted to about 
7 per cent. ; this error was probably due to want of steadiness 
in the current under the high voltages applied. 

The Velocity of the Electrons 

The velocity of emission of the electrons is independent of 
the intensity of the acting light. This was first shown by 
Lcnard X observations of the positive potential required 
to prevent the emission of electrons from the illuminated 
plate, or that required to prevent their reaching the receiving 
plate. A variation in the intensity of the light from a carbon 
arc in the ratio 70 to i produced a variation of less than i per 
cent, in the value of the positive potential. Similar results 

Dember, Her. Math.-l’hys. Klasse Gesell. Wiss. Leipzig. 64 , pp. 266-269, 

1912. 

t J. O. Kemp, Phys. Rev. (2), 1 , p. 285, 1913. 

t Lenud, Ann. d. Physik, 8, pp. 149-198, 1902. 
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were obtained with a zinc arc and with a spark as the source 
of light, though variations in the character of the source did 
produce variations in the initial velocity. Experiments 'vvere 
made with an aluminium plate and with a plate coated with 
lampblack. 

Minika-n and Winchester* confirmed Lenard’s conclusion 
for the eleven metals they experimented upon in a high 
vacuum. The light intensity was varied both by changing 
the distance of the source and by altering the capacity in 
parallel with the spark, so as to make a spark of greater or 
less brilliancy. The final potential assumed remained the 
same, though the time required in assuming it varied as much 
as five or sixfold. 

Similar results were obtained by Ladenburg f in the course 
of an investigation on the initial velocities of the electrons from 
platinum, copper, and zinc with monochromatic ultra-violet 
light. The intensity of the light was changed by altering the 
width of the sht of the spectrometer. A mercury vapour lamp 
of quartz was used as the source of light. The result has also 
been verified by Mohlin.J 

Experiments of Elster and Geitel § with a surface of sodium- 
potassium alloy showed that the positive potential acquired 
by the illiuninated surface remained unchanged when the in- 
tensity of the light was diminished by closing an iris diaphragm, 
although the time required to reach a maximum value increased. 
To obtain rehable results in such experiments great precau- 
tions must be taken to secure good insulation, as otherwise 
the potential reached depends not only on the velocity but 
also on the number of the electrons emitted. 

In J. R. Wright’s (| experiments with an aluminium plate 
m a high vacuum it is shown incidentally that the positive 
potential is quite independent of the intensity of the light. 
Very powerful sparks between electrodes of zinc, cadmium 
and iron served as the source of light. While the relative 


4c 


t 

+ 

+ 

§ 
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MUto and Winchester, Phil. Mag.. (6), 14 , p. 201, 1907. 

Ladenburg, 9, P.S08 igo7 

MoHin, Ahad. Abhandl., Upsala, 1907. 

El^er and Phys. Zeit., 10 , pp. 457-465, 1909. 

J. R. Wnght, Phys. Rev., 83 , pp. 43—52, 1911. 
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intensities of the light for wave-length 2166 were approxi- 
mately as 10 : 12 : 100, the widest variation of the positive 
potentials from the mean is less than 0.5 per cent. 

In view of these results the conclusion that the maximum 
velocity of emission is independent of the intensity of the 
light may be regarded as well established. 



CHAPTER X 


THE INFLUENCE OF THE CHARACTER OF THE 
LIGHT ON THE PHOTO-ELECTRIC DISCHARGE 
[continued) 

The Influence of the Plane of Polarisation and of 
THE Wave-length of the Light on Photo-electric 
Phenomena 

With a view to the right understanding of photo-electric 
action, it is of great importance to know how the phenomena 
are affected by alterations in the quality of the exciting light. 
We may alter the quality of the light by changing its state 
of polarisation and also by varpng the wave-length. It will 
be convenient to consider the effects produced by both these 
variations in a single chapter, since they are found to be, to 
a certain extent, interdependent. The important work of 
Pohl and Pringsheim has led to the conclusion that we must 
distinguish between two separate actions, by which electrons 
can be released, the “ normal ” and the " selective ” photo- 
electric effect. This distinction has been rendered possible 
only by examining the results of varying both the plane of 
polarisation and the wave-length of the incident light. It 
win, however, be convenient to describe first of all some of 
the earher results in which plane-polarised light was em- 
ployed, without special attention being directed to the wave- 
length made use of. 

Influence of the Plane of Polarisation of the Light 

In his original paper describing the effect of ultra-violet 
hght on the length of the spark discharge, after showing that 
the action can be refracted according to the laws of light. 
Hertz says : I have not been able to decide whether an y 
double refraction of the action takes place.” In a supple- 
mentary note (1891) he remarks : “ Somewhat later I sue- 
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ceeded in this. I had hoped to observe an influence of the 
state of polarisation of the light upon the action, but was not 
able to detect anything of the kind.” 

Elster and Geitel * were the flrst to show an effect due to 
the polarisation of the incident light. The sensitive substance 
was the liejuid alloy of sodium and potassium which responds 
to light from the visible spectrum. The photo-electric cell was 
included in a circuit containing a galvanometer and a pile of 
250 volts. Polarised white light was incident at an angle of 
45°. They found that the photo-electric current was a maxi- 
mum when the plane of polarisation was perpendicular to the 
plane of incidence, and a minimum when these planes were 
parallel. In other words, the maximum value of the photo- 
electric current corresponds to the case in which the electric 
vector in the wave front has a component at right angles to 
the surface of the metal. The ratio of the maximum to the 
minimum was about 10 to i. The intensity of the 
photo-electric current could be expressed by the equation 
I=A co.s*o-|-B sin®a, where a is the angle between the 
planes of incidence and polarisation. 

The following table shows how the effect depends on the 
angle of incidence. 


Pholo-dcciric Current from Sodium-potassium Alloy exposed 
to Plane Polarised White Light 


Angle of 
incidence* 

Light polarised at right 

Light polarised in 

angles to the plane of 
incidence. 

the plane of 
incidence. 

0“ 

2.8 




2.8 

10” 

5-2 

2.78 

20® 

I 1.2 

2.87 

to® 

17.4 

2.65 

40® 

234 

2.24 

SO® 

60® 

27.0 

28,7 

1.80 

70® 

23.8 

1. 01 

80® 

II. 0 

0-33 


• Ktstor and Oeitul, Wied. A nn. d. Physik, 62 , p. 540, 1894 ; 55 , p. 684, 
189s ; 61 , p. 445. ‘** 97 - 
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At perpendicular incidence the two currents are necessarily 
the same, but for aU other angles the effect due to light polarised 
at right angles to the plane of incidence is greater than that 
due to hght polarised in the plane of incidence. In the 
former case the effect reaches a maximum for an angle 
of about 6o°. 

Amalgams of the metals rubidium, caesium, potassium, 
and sodium show similar behaviour. 

These experiments were carried out, not in the highest 
vacuum, but at the “ critical ” pressure (about ^ mm.) corre- 
sponding to maximum photo-electric current. 

The result of the observations may be s u mmarised by 
saying that the photo-electric current is approximately pro- 
portional to the amount of light absorbed by the illuminated 
surface, but the factor of proportionality is greater for light 
polarised at right angles to the plane of incidence than for 
light polarised in the plane of incidence. In the case of the 
Na-K alloy the two factors are in the ratio 30 to i. 

In a later investigation, Elster and Geitel * have further 
studied the influence of the state of polarisation of the exciting 
light, with special reference to the dependence of the number 
and the velocity of the emitted electrons on the position of 
the plane of polarisation with regard to the plane of incidence. 
An extremely high vacuum was obtained by absorbing the 
residual gases in the cell by glowing calcium, according to the 
method worked out by F. Soddy. They arrive at the following 
conclusions in the case of the liquid alloy of sodium and 
potassium : 

1. Light polarised perpendicularly to the plane of incidence 
causes the emission of more (up to 50 times as many) negative 
electrons than light polarised parallel to that plane. 

2. The maximum velocities of the electrons are about the 
same for both positions of the plane of polarisation. 

3. The munber of electrons with a velocity less t bg n the 
maximum is (with reference to equal total numbers) greater 
if the hght is polarised perpendicularly to the plane of incidence 
than if the plane of polarisation is parallel to that plane. 

* Elster and Geitel, Phys. Zeitscky., 10 , pp. 457-465, 1909. 
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In interpreting these results we must remember that, when 
the light is polarised, perpendicularly to the plane of incidence, 
the electric vector in the light wave is vibrating paraUel to 
the plane of incidence. It appears, then, that when the 
electric vector has a component perpendicular to the surface 
of the alkali metal it is able to release more electrons than 
when it is paraUel to the surface. 

Lenard,* * * § and subsequently Ladenburg,t found that when 
the test was carried out with ultra-violet hght on metals in 
a good vacuum the position of the plane of polarisation is 
without influence. This may be explained, according to 
Ladenburg, by supposing that the ultra-violet hght penetrates 
some considerable distance into the metal. Thus in the case 
of nickel he estimated that the hght penetrated to a depth of 
8 wave-lengths. Very much smaller estimates (about 50 /t/z) 
of the depth of penetration of rltra-violet hght in platinum 
have been made by Robinson, | and by Partzsch and 
Hallwachs.§ 

The dependence of the photo-electric effect on the polarisa- 
tion of the hght in the case of solid metals has been shown to 
exist by R. Pohl.|| With mirrors of platinum and copper the 
number of electrons emitted depends on the azimuth and the 
angle of incidence of the polarised ultra-violet hght. The same 
is true for fluid mercury. This can be explained by a pro- 
portionahty between the number of electrons emitted and 
the quantity of hght absorbed in each case. The proportion- 
ality factor is the same whether the light is polarised paraUel 
or at right angles to the plane of incidence. This is in marked 
contrast with the behaviour of the alkahes, where an extraor- 
dinary increase in the current (as much as fift3dold) is found 
when the electric vector has a component perpendicular to 
the surface. With ultra-violet hght the alkahes behave hke 

* Lenard, Ann. d. Physik, 8, p. 150, 1902. 

•f Ladenburg, Ann. d. Physik, 12 , p. 574, 1903* 

t Robinson, Phil. Mag., 25 , p. 131. ipiS- . 

§ Partzsch and Hallwachs, Bar. Math.-Phys. Klasse Komg. Sachsischen 

GeselL Wiss., 64 , pp. 164, 165, 1912. „ tz r 

II Pohl, Phys. Zeit, 10 , pp. 542 - 543 . ^909 .* Beutsch. Phys. GeselL Verh., 

11, pp. 339-359. 609-616, 1909. 
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other metals. We shall return to this question in discussing 
the influence of wave-length. 

T 1 i 6 influence of the plane of polarisation of the incident 
hght on the positive potential acquired by a metal has been 
examined by Jakob Kunz* in the case of the liciuid alloy of 
sodium and potassium. When the light was polarised at light 
angles to the plane of incidence, the positive potential w;is 
i.io volts. As the polarising Nicol prism is rotated the posi- 
tive potential diminishes, and when it is turned through a 
right angle the positive potential is only 0.723 volts. Thus 
the positive potential decreases 34.3 per cent, in going from 
one position to the other. This result is at variance with that 
obtained by Elster and Geitel for the same alloy, and with 
that obtained by Pohl f for a solid metal surface, for these 
experimenters found the maximum velocity of emission of 
electrons to be independent of the position of the plane of 
polarisation. 

Influence of Wave-length on Photo-ei.icctkic 
Phenomena 

We now consider the influence of the wavc-hmgth or fre- 
quency of the light. Wo must inquire how tlu; number of 
electrons emitted in unit time — that is, the ph«>tu-electric 
current — depends on the wave-length, and secondly how the 
velocity of emission varies with the wave-length. We have 
seen that the increase in the length of the spark discharge 
caused by illuminating the spark-gap was traced by Hertz to 
light beyond the violet of the visible spectrum. Ultra-violet 
light is also most active in bringing about the discharge of 
negative electricity observed by Hallwaclis. IClster and 
Geitel X have shown that ordinary daylight is capable of pro- 
ducing this effect in the case of the more electro-positive 
metals. Using a petroleum lamp as a source of wlute light, 
and employing various coloured filters, they obtained the 
results given in the following table : 

* J. Kunz, Phys. Rev., 29 , pp. 174*-! 76, 
t Pohl, Verh. Deutsch. Phys. GesdL, 11, pp. lycMj* 

t Elster and Geitel, Ann. d . Physik, 62, p. 43H, 1894. 
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Colour of Light. 


White 

Blue 

White 

Yellow 

White 

Oningc 

White 

Red 


Rubidium, the most electro-positive metal, is far more 
active thtin sodium or potassium with white light, and potas- 
sium is more active than sodium. In the case of sodium and 
rubidium the maximum effect would appear to be produced 
by yellow light, while with potassium blue light is more effec- 
tive. Rubidium is active even under the influence of the long 
waves tit the red end of the spectrum, indeed a red-hot glass 
rod is said to be sufficient to discharge negative electricity 
from this mettil. 

'riicse cflocts arc attributed to the strong absorption of 
light of particular wave-lengths by the substances under 
consideration. 

J. J. Thomson * found that a positively charged metal 
plate placed opposite to a surface of sodium-potassium alloy or 
of rubidium lost its charge even in the dark. Thomson himself 
at first attributed this to a radio-active process, but, according 
to E. Mullcr,| it is to be explained by the action of infra-red 
radiation, which produces no eflect on the eye, though it is 
able to produce photo-electric emission from the alkali metal. 

Hallwachs X proved that the violet and ultra-violet radia- 
tions were most effective in bringing about a discharge from 
metal plates. For plates of copper oxide the effect was greatest 
for the light from the arc between the carbons. 

* J. J. ThoJMon, Phil. Mag., 10 , p. 584, ipoS- 
t E. MCillor, Deutsch. Phys. Gesell. Verh., 11 , p. 72. iW- 
f Hallwachs, Ann. d. Physik, 88, pp. 301-312, 1888. 


Rate of Leak of Negative Electricity. 


Na 

K 

Rb 

21.0 

53-1 

S 37-0 

7.8 

30-3 

86.8 

22.6 

52.9 

527*7 

8.2 

3-5 

339*7 

21.9 

53-9 

552-3 

3-1 

2.2 

182.0 

21.9 

52.9 

527*7 

0.2 

O.I 

21,0 
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M. Branley * showed that freshly-polished metals, notably 
aluminium, are particularly sensitive j daylight piodiues the 
discharge; the action still takes place when tlu' light has 
passed through yellow glass, but red glass stops it entiivly. 

Elster and Geitel | observed photo-electric action in sun- 
light in the case of the metals aluminium, magnesium, and 
zinc, but the active rays were almost comi>letely absorbc'd 
by transmission through glass, hluor-spar was also activt.; in 
sunlight, and in this case ultra-violet light was not the most 
efficient. 

Buisson I found sunlight a convenient source of light in his 
experiments with amalgamated and polislied zinc and alu- 
minium. 

W. Rudolph § states that aluminium certainly, and in all 
probability a number of other metals also, show the llertz- 
Hallwachs effect with visible light. 

The results so far described arc qualitative; rather than 
quantitative, for until we know the amount of etu-rgy asso- 
ciated with the different parts of the six'ctrum of the light 
employed, we cannot strictly compare the effects of light of 
different refrangibilities. 

Quantitative experiments have been made l)y 1 C. Laden- 
burg.ll A mercury vapour lamp was used us a source <if 
light. The spectrum of the light was given by a spectrometer 
with quartz-fluor-spar lenses and a fluor-spar prism. I'he 
energy in different parts of the spectrum was measuri'd by a 
thermopile. The photo-electric current for the metals ('u, 
Pt, Zn was measured with a galvanometer, and was fetund to 
be a maximum for a wave-length 2x2-218 p/i. i-'or ecpial 
light intensities the photo-electric effect increased contimutiisly 
as the wave-length diminished. In the accompanying ligure 
the ordinates of the curve marked Ej represent the saturation 
current from the iUuminated platinum plate, the ordinates of 

* M. Branley, Journal de Physique, 8 ( 11 ); p. 
t Elster and Geitel, Nature, 50 , p. 451, 1894. " 
t Buisson, Annul Chim. Phys., 24 , pp. 320-398, 

§ W. Rudolph, Ann. d. Physik, 29 , pp. 111-124, icjck). 

li E. Ladenburg, Phys. Zeitschr., 8, pp. 590-594. 1907 ; Dmttsuh. Phvs. 
Gesell. Verh., 9 , pp. 504-514, 1907. 
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the curve E2 represent the energy of the incident light,* while 
the ordinates of the third curve give the ratio (Ej/Ej) of these 
two quantities expressed as a function of the wave-length. 
The final curves, giving this ratio for copper and zinc, were 



very similar to that here shown for platinum. Results of the 
same kind have been obtained by Mohlm.t 

The ratio of the photo-electric activity to the energy of 

* Infornxation is to be desired a. to 

tivitat, 8, p. 446. 1909- 

t Mohlin. Ahad. Ahhandl. Upsala, 1907- 
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the incident light (Ei/E^) has been tenned the speeUie photo- 
electric activity. 

Since all bodies which have been testi'<l in ultra violet light 
show increasing activity as the wave-length diiniiiishes. it is 
of interest to know whether the alkali metals behave in similar 
fashion. The experiments of Elster and (ieitel would seem 
to indicate that these metals show a maximum speeifie photo- 
electric activity for rays of the visible spectrum. J. Braun * 
found a maximum in the case of potassium at .\.\u ftfi. hi 
these experiments the metal was contained in cells of glass, 
so that only rays that have escaped absorption by glass cun 
take effect. An investigation to determine the plioto-electric 
activity of potassium as a function of the wave-lengtli has 
been carried out by W. Hallwachs.f Tlie potassium was 
illuminated through a quartz window by light from a mercury 
vapour lamp or from an arc. By means of a quartz- fluorspar 
achromatic lens and a quartz prism, a real spectrum was pro- 
duced on a fluorescent screen, and selectetl lines were tlien 
allowed to enter the cell! The energy measurements wi're 
carried out by a thermo-electric method. 

The results of the measurements art; given in tlie following 
table, being referred to the line 436 /t/t as a standard ; 


Wave-length 

578 


436 

i 

406 1 305 

313 35.1 .*17 

Photo-electric activity 

0.032 

0.083 

j 

x.oo 

0.79 1 3.IS 

i 

3.01 ' i.tjH 

Energy 

1. 16 i 

1 

1.69 

1,00 

i 

‘0.67 ' I.S9 

: o.yo : 0.38 0.5!; 

Specific photo-electric 

i 

1 


1 

j 

1 I 


activity . 

0.0271 

1 

0.049; 

1 

1.00 1 

1 j 

I. s8 ! 1.83 

.t'.M 7 -' 


According to these results potassium falls into line with the 
other metals, the specific photo-electric activity increasing as 
the wave-length gets less. There is no evidence of a maxinmm 
in the visible spectrum. 

The disagreement between the results of Elster and Geitel 

* J. Braun, Dtss, Bonn, 

t Hallwaclis, Ann. dm Physik, 4, pp, 593-197, 191:^^, 
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and J. Braun on the one hand, and those of Hallwachs on the 
other, has received an explanation through the work of Pohl 
and Pringsheim.* These authors show that the photo- 
electric activity depends on the angle at which the light is 
incident on the surface, and on the orientation of the plane 
of polarisation. When the light falls normally on the surface 
as in the experiments of Hallwachs, the electric vector is 
parallel to the surface, and the photo-electric activity of a 
K-Na alloy increases continuously as the wave-length de- 
creases. But when the light is incident at an angle with the 
normal, the electric vector which is parallel to the plane of 
incidence produces a maximum effect for a particular wave- 
length (1=400 fiju). The proportionality factor between 
light absorption and photo-current is only independent of 
the angle of incidence cj) for an electric vector (E ±) vibrating 
at right angles to the plane of incidence, while for an electric 
vector (E 1 |) parallel to the plane of incidence it varies very 
much with <f). Further, the factor varies greatly with the 
wave-length. 

The way in which the specific photo-electric activity 
varies with the wave-length when the angle of incidence is 
60° is shown in the following diagram (Fig. 28). 

The electric vector vibrating parallel to the plane of inci- 
dence produces a maximum effect for a wave-length 400 /*/*> 
while the electric vector which is parallel to the metal surface 
produces a smaller efiect, which increases as the wave-length 
diminishes. The maximum in the first curve is taken to 
indicate a resonance phenomenon. 

It follows from these experiments that for Na, K, Rb, 
and NaK there is a certain region of wave-lengths for which 
there is a very great difference between the current produced 
by E perpendicular and E parallel to the plane of incidence. 
The wave-length corresponding to the maximum difference 
may be called the critical wave-length ; it is the wave-length 
that makes the photo-electric activity due to the electac 
vector parallel to the plane of incidence a maximum. The 

• PoU and Pringslieim, Deutsch. Phys. Gesell.. Verh.. 12 , pp. 215-228. 
349-360, 1910. 
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maxima are approximately at ^^-480 fift for nihi<liiiin, 
435 m for potassium, 340 for sodium, aiui 280 ///< 
for lithium. For a potassium-sodium alloy oontaiiiiiig (k). 4 
per cent, potassium, the maximum is :it about 3<)o /</t. !u 
the case of the amalgams of potassium and sodium no critical 
wave-length was found. This indicates that we have to do 
with a resonance phenomenon connected with the tmilecular 
binding of the alkali atoms. 

Pohl and Pringsheim distinguish between two actions 
which they describe as the “ selective ” and tfie “ normal " 



photo-effect. It is the former effect which gives rise to the 
maximum in the curve for the sjjecific photo-electric activity, 
when the electric vector is parallel to the plane of incidence. 
The normal effect would give increasing activity witli dimi- 
nishing wave-length for all directions of the electric vector. 
This is indicated by the dotted line in the diagram. 

A selective effect has been found with barium which 
shows a maximum at A =280 nft, but the other metals 

(Pt, Cu, Hg, Pb, Tl, Sn, Cd, Bi) examined showexi only the 
normal effect.* 

The difference between the selective and the nomnd effect 

* Pevtsch. Phys. GeseU. V«rh.. 18 , pp. 474.4S1. lyu. 
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may be illustrated, according to Pohl, by the mechanical 
analogy of a float which is caused to rise and fall by a pro- 
gressive train of water waves. Two cases are then possible. 
In the first place the float may be attached to a fixed point 
by an elastic connection, as, for instance, by a spiral spring. 
By the action of the advancing water-waves the float is set 
in vibration, and, if the period of vibration of the water-waves 
happens to be in agreement with the natural period of the 
float, the amphtude of the vibration may become so great that 
the spring breaks. The float flies off, not in any random 
direction, but in a direction in the plane of vibration of the 
water particles and perpendicular to the direction of propa- 
gation. In the second place a float without any elastic con- 
nection may go up and down on the water-waves, and by 
means of some simple mechanism, such as a balance wheel, 
stretch a spring, and the energy of this stretched spring may 
serve to do a certain amount of work, as in projecting a ball 
or even the float itself in any desired direction, which need not 
lie in the direction of vibration of the water particles or be 
perpendicular to the direction of propagation. The first case 
may be taken to correspond with the selective, the second 
with the normal, photo-electric emission. 

Experiments just completed by Compton and Richardson * 
have carried the investigation of the effect of the wave-length 
on the number of electrons emitted further into the ultra- 
violet than ever before (to 200 f/A- The curves for sodium 
show two maxima instead of only one maximum, and the con- 
clusion is drawn that the normal photo-electric effect reaches 
a maximum similar to that reached by the selective efiect, 
but farther out in the ultra-violet. The photo-electric sensitive- 
ness is supposed by the authors to be the same function of the 
frequency for all metals, but for the electronegative metals 
the curve is shifted bodily towards the region of short wave- 
lengths. 

* Compton and Richardson, Phil- Mag-, 26 , pp- 549-567. I 9 i 3 - 


I 



rHOTO-ELBcrmci r v 


130 

The Velocity of the Elec:tkons aku the I'KivycicNCY 
OF Vibration of the r.ic.HT 

When an insulated body is ilhiininatcd it ;u’<iuircs a positive 
potential which rises to a definite ma.xinmin value, dependent 
on the character of the light. As Lenanl has pointed out. 
this positive potential may be regarded as a measure of the 
maximum velocity with which eleidrons are emiiteti under the 
influence of the light. For if V denote this potential that 
is, the potential which is just suflicienf to prevent the dis- 
charge of electricity from the body- Vc would n^piesi nt the 
work that would have to be done to remove an electron, and 
we should have 

Thus the positive potential V is directly pn»portional to v, 
the maximum velocity with which an electron is projected. 

Lenard* concluded from his exjKTiments tliat, tliough the 
positive potential was independent of the intensity of tfu- light, 
it did vary with the character of the source. With a ?,ine arc 
large initial velocities are representtn! in v«Ty much smaller 
proportion than with a carbon arc. 'riie s{>ark as a sourct; 
comes between the two. This refers to a lampblack surfai'e ; 
for an aluminium plate the differences are lutt so great. 

Ladenburg,t experimenting with the three met.ils ropjxT, 
platinum, and zinc, found that the initial velocities of tlie 
electrons increased with decreasing wave-length. He con- 
cluded that the velocity was projKulional to the* freejueney 
of the incident light. The results are sutnmarised in the 
following table : 


Frequency. 

Wave-length, i 

I’ositive potential in volts. 

V X 10"“^® 


Platitnmi. 


1 

1 

1.15 

260 

*•075 

1. 01 

0,685 

1.24 

242 

1.3B 

i.ifi 

0,79^ 

1.3X 

229 

1.49 



I- 37 S 

21S 

1.60 

1,46 

1.0 

1*43 

210 

i , j 6 


1.07 1 

1.49 

201 

1.B6 

1J9 

1.13 i 


* Lenard, Ann.d. Physih, S, pp. I4«> 198, ojiu, 
t Ladenburg. Phys. Zeitschr., 8 , pp. $90- sw. 1907. 
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Ladenburg and Markau * obtained the velocity distribution 
curves from which the number of electrons with any assigned 
velocity could be determined. For a given region of the 
spectrum the velocities were found to be nearly in accordance 
with Maxwell’s law of distribution. For light of wave-length 
260 [jLij, the limits of velocity are equivalent to 0.4 and 1.9 volts. 
The range of wave-lengths used was from 270 to 200 

Ladenburg’s results were examined by A. Joffe,t who 
pointed out that the conclusion drawn from them was a 



was proportional to the frequency {v=kv). Joffe showed that 
the results agreed at least equally well with the conclusion 
that the positive potential (or the square of the velocity) was 
proportional to the frequency, or more exactly Y=h{v-v,). 
This is due to the fact that the experimental results refer to 
a very short range of wave-lengths, and it is difficult to decide 
whether they fall on a straight line or on a short piece of a 
parabola at some distance from the vertex. The two laws 
L best illustrated graphically. In the first diagram (Fig. 29) 

* Ladenburg and Markau, Phys. ZeUschr., 9, p. 251 , I9°9 ■ Deuisch. Phys, 
Gesell Verh., 10, pp. 562-577. i 9 o 8 . 

t JofiE 6 , Ann. d. Physik, 24, p. 939. ^9^7 • 
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the square root of the positive potential is plotted against the 
frequency, and it is seen that the points for a given metal lie 
on a straight line passing through the origin. In the second 
diagram (Fig. 30) the positive potential is plotted against the 



yr-Piatiriiuiv. •-Copper. 

■i—Zinc. Q-Ca^boru 

Fk}. 

frequency, and the observed jjoints for a given metal lie on a 
straight line which does not pass through the origin. 

A. W. Hull * has made metisurenients of tlie initial velocities 
of the electrons liberated from carbon by liglit of short wave- 
length (between 171 and 123 He finds that the 

maximum initial velocity is proportional to the freejuency of 

PP- 
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Vibration of the light, so far as it is possible to infer a result 
when regard is paid to the accuracy with which this part of 
the spectrum is known. Three regions were examined by 
means of absorption screens, and the assumption was made 
that the maximum velocities are due to the shortest wave- 
length made use of. If these re.sults are examined in the 
same way as Ladenburg’s (Figs. 29 and 30), we find that they 
satisfy the second law equally well. 

The velocities of the electrons emitted from an equi- 
molecular liquid alloy of sodium and potassium have been 
studied by Jakob Kunz.* He found that the potential dif- 
ference between the electrodes was independent of the intensity 
of the light and equivalent to 1.12 volts. He also measured the 
potential due to light of various wave-lengths between 592 fifi 
and 420 nfi, using an arc lamp as the source of hght. Except 
at the red end of the spectrum the potential difference appears 
to be inversely proportional to the wave-length — ^that is, the 
kinetic energy of the electrons is proportional to the frequency. 
This does not hold good for wave-lengths greater than 520 [in, 
and the author suggests that the divergence from propor- 
tionality may be due to a heating effect. Later experiments 
by Kunz f indicate a maximum value of the positive potential 
in the red end of the spectrum. The sodium-potassium alloy 
shows a maximum at wave-length 618 In this region 
of the spectrum the positive potential depends on the intensity 
of the light, while towards the violet end of the spectrum the 
positive potential is not much affected by the intensity. 
Experiments with sodium-potassium alloy and with caesium, 
using the resolved light of a spark between cadmium or zinc 
terminals, prove that the positive potential increases with 
increasing frequency. The author now concludes that the 
positive potential is proportional to the square of the frequency 
of the light. It is pointed out that the surface conditions 
play a very important part in the results obtained ; it is very- 
difficult to prepare the metal with the same photo-electric 
properties twice in succession. 

* J. Kxinz, Phys. Rev., 29 , pp. 212-228, 1909. 

t Ihid., 88 , pp. 208-214, 1911. 
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Some very remarkable results have been obtained liy 
Professor R. A. Millikan* and his fcllow-workei's in the 
University of Chicago by using a powerful spark as the source 
of light instead of a quartz mercury lamp. 'I'lie positive 
potentials acquired by metals illuminated by such a source 
were greatly in excess of those obtained by other observers. 
Although experiments were carried out which seemed to show 
that the high potentials were due to the light itsc'lf and not 
to secondary effects, later experiments proved that the; rc'sults 
were to be attributed to imperfect screening from electro- 
magnetic waves. 

It is open to question how far such an effect may have had 
an influence in some earlier experiments of J. K. Wright, f in 
which the positive potential of an aluminium plate was measured 
for definite wave-lengths in the region extending fnjin X 2878 
to X zcyjZ- The results obtained are not in agreement with 
those of other observers in that they show an apparent maxi- 
mum for the positive potential for a particular wave-length 
(X 2166). 

An important investigation of the emission velocities of 
photo-electrons has been carried out by A. LI. Hughes. J 'I'he 
metal surfaces used were prepared by distillation in vacuo, 
as it was found that in this way consi.stcnt results could be 
obtained. The surface so prepared is probably free frojn 
surface films, which are almost certainly present when a metal 
plate is pohshed or when an electric discharge is passed, using 
the plate as an electrode. A Hilger quartz spt;ctrograph was 
used as a monochromator. It was found that this did not 
isolate the wave-lengths perfectly, and special j>recautions 
had to be taken to cut off the scattered light of sliort wave- 
length when working with the longer wave-lengths. The 
mercury arc in quartz glass was used as the source of light. 

The apparatus is shown approximately to scale in the 
diagram (Fig. 31). The electrical capacity is made very small 


7?. * 85 , p. 74 . 1912 ; Millikan and Wriglit, Pkys. 

t T R'wAt PP- 73-75, . 9 . 3 . 

T J. R. Wright, Phys. Rev., 88, pp. 43-53, 1911 

i A. LI. Hughes, Phil. Trans. Roy. Soc., 212 , pp. 305-336, 1913. 



;he tilted 
is susper 
attached 





PHOTO-ELECTRICITY 


136 

slide S. This runs in grooves in the tube T. The system can be 
raised or lowered by a silk thread attached to the winch E, 
which is a glass tap with a groove cut round the barrel. In 
order to coat the plate N with metal it is lowered till it is 
near the little furnace F. This is a quartz ignition spoon into 
which fits a thin quartz cup containing the metal. Between 
the cup and the quartz spoon there is a thin sheet of Pt or Ni, 
which can be heated to redness by a current. The apparatus 
was exhausted by a Toepler pump to a pressure of .01 mm., 
and finally by a tube containing charcoal cooled in liquid air. 

Experiments made with this apparatus, using surfaces of 
pure distilled metal, proved that the maximum energy of 
emission, and not the maximum velocity, can be expressed 
as a linear function of the frequency of the incident light. 
The proof is based mainly on experiments made with wave- 
lengths 2. 2537, 2 . 2257, and 2 . 1849. One set of results obtained 
from a surface of distilled cadmium may be quoted in illus- 
tration. 

Cadmium. 


Wave- 
length A,. 

Frequency 

V X io~^^ 

Experimental 
Velocities 
in volts. 

Calculated Velocities. 

Y=^kv-V, 

JY ^k'v — c 

1849 

1623 

2.480 

[2.480] 

[2.480] 

2257 

2329 

1.427 

1.424 

1-339 

2537 

1182 

0.897 

[0.897] 

[0.897] 

2967 

loro 

0.148 

0.286 

0.495 

3126 

960 

Small 

O.IOI 

0.398 

3340 

898 

No effect 

(-0.12) 

0.293 


''^0=3-347 volts; >4= 3.590 x 10““ 


The velocity predicted by the energy law for 2 2257 is in 
much better agreement with the experimental value than that 
predicted by Ladenburg’s law. The experimental values for 
A 2967 and A 3126 are lower than the theoretical values on 
account of the action of the earth’s magnetic field. Laden- 
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burg’s law would indicate an emission of electrons down to 
2 . 4000. Actually the emission ceases between A 3126 and 
A 3340 in accord with the energy law. 

Similar results were obtained with other metals, showing 
clearly that it is the energy and not the velocity of the elec- 
trons that is a linear function of the frequency of the light. 
The positive potential V, in volts, is connected with the 
frequency p by the formula Y =kv Thus the emission 
of photo-electrons should cease below a certain definite fre- 
quency, determined by Vo=^i'o. This was borne out by 
experiment. 

The values of the constants found by Hughes for a number 
of metal surfaces formed by distillation are given in the table. 


Element. 

k 

V. 

(calculated). 

K in 

(calculated). 

Ca . 

3.17 X 10"^® 

volts 

2.57 

81. 1 

370 

Mg . . 

3-39 

3.08 

90.9 

330 

Cd . 

3.66 

3-49 

95-3 

315 

Zn 

3-79 

3-77 

99-5 

302 

Pb 

3-S5 

3-42 

96-3 

311 

Bi 

3-63 

3-37 

92.8 

323 

Sb 

3-69 

3.60 

99.8 

800 

As 

—3-7 

=^4-5 

=^^122. 

“247 

Se 

^4.8 

... 

... 

O2 . . 


^8.0 

... 



The values of k and for elements of the same valency 
change regularly with the atomic volume. 

Curves showing the distribution of velocities have been 
obtained by Richardson and Compton* for the metals 
platinum, copper, bismuth, tin, zinc, aluminium, and mag- 
nesium. The points of special interest in the experimental 
work are as follows : (i) the contact difference of potential 
between the emitting and receiving electrodes is allowed for ; 
(2) an improved monochromatic ultra-violet illuminator by 
Adam Hilger Ltd., is made use of ; (3) the peculiar form 
of the photo-electrical cell practicahy eliminates electron 
reflection without the use of a screen and an auxihary field, 
* Richardson and Compton, Phil. Mag., 24, pp. S7S-S94- 1912 - 
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and at the same time it enables the distnlmtion of total 
kinetic energy to be measured insteati of simply the tiistribu- 
tion of the velocity component normal to the emitting elec- 
trode. 

The electrode consists of a strip of metal foil aixmt i nun. 
wide and 5 mm. long placed at the centre of a sjdierical glass 
bulb of 7.5 cm. diamett'r. This bulb is silvered on its inner 
surface, which acts as the rt'ceiving elect rotle. Tiu* image of 



I* It#. 


the slit of the monochromator is focussed on the metal strip 
for the particular wave-length to be examined. The ek’ctric 
field is approximately radial, and the area of the emitting 
electrode is very small compared with the area of the receiving 
electrode. 

The dotted lines in Fig. 32 sliow graphically tlu! restdts 
for platinum, the photo-electric current reducrtl to a scale 
of 100 for the maximum being plotted against the 1M>, 
The vertical line P indicatta the amount t»f lateral shift that 
had to be given to the diagram to correct for the contact 
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diff('rc'nci> of potential between platinum and silver. The Hne 
A is the corresponding line for aluminium. The continuous 
curves represent the; results obtained with aluminium for 
wave-lengths 200, 230, 254, 275, 313 Curves of the 



Fig. 33 

same character were obtained with the metals zinc, bismuth, 
magnesium, tin, and copper. If we plot the slope of these 
curves against the potential difference, we obtain what 
may be called the differential curves. These are shown for 
platinum in the annexed figure (Fig. 33). We can then 
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obtain the relative number of electnms wliieli are emittcsl 
with any given energy. For wave-length 2$ x 10 * cm. 
the number emitted with an energy (•orrespoiuliag t(t 

0.2 volt is to the number eorrespontling to o.i volt as the 
ordinate at 0.2 volt is t«i the ordinate at o.i volt, nr as yo 
is to 65. 

The following eonehtsions are tlrawn front a study of these 
curves : 

1. The maximum energy, expr<*sseti in v<j!ts, is a linear 
function of the fretiueney of the exeiting light, 

2. The curves appear to be almost symmetrical with resjH'ct 
to their maximum ordinates, 'i'liis slum's that, if the maxi- 
mum energy is a linear function of the fre«iuency, the average 
energy, which is equal within tfie limits of exfHTimental error 
to the most probable energy, also In-ars a linear relation tt) 
the frequency. 

3. The curves intersect tile vtiltuge axis at finite angles 
both at the end which eurresjunuis to zem energy and at the 
end which corresponds to tlie maximum energy. 

4. If the wave-length is increased to a certain value, the 
distribution of velocity enrve will degenerate intti a straight 
line coincident with the current axis, 'lliis is tlie longest 
wave-length that will produce any photo-i’lrctric effect from 
the metal under investigation, and the corres|Kmding elec- 
trons are emitted with zero vt^loeity. 

Reviewing the results olituined by various e.x{H*rimenters 
as to the relation betw'een the veltK-ity of emissiim t*f the 
electrons and the frecpiency of the light, we must conclude 
that the velocity increases with the freciuericy, and that the 
maximum kinetic energy (which is proptirtional to tlje {msitivc 
potential) is a linear function of the fret|uency. With the 
notation already ust?d, V btdng the jKjsitive jxdential 
in volts, 

or, if T„ is the maximum kinetic energy and is a new 
constant, 

Vi- 
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a relatioil whose theoretical bearings will be discussed in the 
following chapter. 

Summary of Results as to the Influence of the 
Light on Photo-electric Emission 

Intensity. 

For a given source 

(1) the number of electrons emitted per unit time is 

directly proportional to the intensity ; 

(2) the velocity of the electrons is independent of the 

intensity. 

Plane of Polarisation. 

In the case of the normal effect 

(1) the number of electrons liberated is only affected 

by the orientation of the plane of polarisation in 
so far as the absorption of light depends upon 
it (Pohl) ; 

(2) the maximum velocity of emission is independent 

of the orientation of the plane of polarisation 
(Pohl). 

In the case of the selective effect 

(1) the number of electrons liberated is much greater 

when the electric vector vibrates in the plane of 
incidence (Elster and Geitel, Pohl and Pringsheim) ; 

(2) the same result as for the normal effect (Elster and 

Geitel). 

Frequency. 

For a given intensity in the case of the normal effect 

(1) the number of electrons emitted per unit time 

increases with the frequency of the light (Laden- 
burg, Mohlin, Hallwachs) but probably reaches a 
maximum in the extreme ultra-violet (Compton 
and Richardson) ; 

(2) the velocity of the electrons increases with the 

frequency of the light. (Kinetic energy a linear 
function of the frequency.) 

In the case of the selective effect the number of electrons 
emitted has a maximum value for a particular frequency. 



CIIAPTI'R XI 

THEORIES OF PHOTO-lCr.ICt IKK' AC'TION 

Two important questions rotiuire consideration in connection 
with the theory of photo-electric action. AssnmiuK' that tlie 
essential feature of such action is the liheratiou of electrons 
by light, we must ask : (i) How can we classify tlm electrons 
which are set free under the inflm-nce of light ? (;i) How do 

these electrons obtain the energy required for their emission 
from the surface with the observed vehnities ? These? (jiies- 
tions, which are to some extent interdcjn-mlent. can scarcely 
be answered definitely at the jnrsent time, hi tliis clmpti*r we 
shall summarise the princijial answers that havt? lavn given, 
and point out some of the diniculties that require investigation 
before a satisfactory theory of jihoto-ehs tric a« tion can Ik* 
regarded as established. The chapter may In* liHiked upon 
as containing an outline of the theories suggested for the 
solution of the problem rather than a complete and final 
discussion. 

We may classify the electrons us.soeiatetl with mutter 
somewhat as follows : 

1. The so-called " free ” electrons, to which tl»' eh*ctiical 
conductivity of a metal is due. Accortiing (o one view then*? 
can wander freely between the atoms with veltK-ities in agree- 
ment with the laws of the kinetic tlu'ory of gas»‘s. Acriading 
to another they are handed on from one atom to another, in 
such a way that, in the presence of an eh-, trie field, a c(»n- 
tinuous transference of electrons takes phue through the 
material. 

2. The “ dispersional ” or *' emission *’ electrons, which 
give rise to the absorption of liglit by the substance and at 
higher temperatures give out radiation, 'fhcsi- electrons are 
responsible for the phenomena of the Zeeman effect. 
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3. The “ valency ” electrons (eight as a maximum), which 
correspond to the chemical " bonds ” or " valencies,” and 
cause through their passage to another atom the electroposi- 
tive valency of the atom they have left. 

4. The " photo-electric ” electrons, which are separated 
from the atom under the influence of light. 

It is probable that some of these classes are really iden- 
tical ; for instance, the dispersional electrons have been 
regarded as ’ identical with the valency electrons. On the 
other hand, J. J. Thomson * suggests that when an atom of 
an element is giving out its spectrum, it is surrounded by a 
swarm of corpuscles. The characteristic spectrum lines, may 
then be due to the vibrations of systems or groups of corpuscles, 
which are not permanent but yet last sufficiently long for the 
emission of a large number of vibrations. Thus the lines of 
the spectrum would be due to the vibrations, not of the cor- 
puscles inside the atom, but of the corpuscles in the field of 
force outside the atom.f 

We have to consider whether we can identify the last 
class — ^the photo-electric electrons — ^with any one of the three 
preceding. In attempting such an identification we must bear 
in mind that the electrons concerned in the “ selective ” photo- 
electric effect may not belong to the same class as those which 
give rise to the " normal ” effect. 

The work of Pohl and Pringsheim certainly suggests that 
the electrons of the selective effect are connected with the 
chemical binding of the atom— that is, with the valency 
electrons. According to the theory of Stark X also, the electrons 
of the photo-electric effect are the valency electrons. When a 
metal enters into combination more energy is required. to 
separate the valency electron than before. This means that 


• J. J. Thomson, Phil. Mag., 11, p. 774. ipoS- . 

t The phraseology here used implies the possibility of distmguishing 
between the " inside ” and the “ outside ” of an atom, as in the c^e of the 
atomic model suggested by J. J. Thomson in which a sphere of P°“tive 
electricity containing a certain number of corpuscles is postalated. Su 
a distinction can hardly be maintained if we adopt the Saturnian modd 
suggested by Rutherford in which a smaU positive nucleus is supposed to be 
surrounded by rings of corpuscles. 

X stark, Phys. Zeii., 10, p. 787 . ipop- ' 
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light of shorter wave-length is then needed to el’feet the 
separation. 

Lenard distinguishes between the jihoto-eleetric eleetrons 
and the emission electrons, and on this distinction bases his 
theory of phosphorescence. The e.xeifalion of a phospiio- 
rescent substance by light consists in the si-paration of the 
photo-electrons. These on their return to tiu* atom set in 
vibration the emission electrons, so giving rise to tlu^ lumi- 
nescence. 

Again, it might be suggested that the eha-trons concernetl 
in the “ normal ” photo-electric, emission from a metal are 
identical with those of the first class. If wt' adopt the pre- 
vailing view that metallic conduction is due to the pri'senct? 
of “ free ” electrons, which ('an wander b(>twe('n the atoms 
with velocities in accord with those given by th<> laws of the 
kinetic theory of gases, we might suppose tliat tiu! velocity of 
certain of these electrons is so augmented by tlu* el<<ctric 
vector in the light wave as to be able to leave the surface. 
Against this view we have the fact that tlu* photo-electric 
current in a good vacuum is independent of tiu* t(‘mperuture. 
A further argument against it is ai'forded by the e.viM‘rimental 
result that the initial velocity is, over a very with* range, inde- 
pendent of the intensity of the light. This difficulty can, 
however, be overcome by a special hy|iofhesis as to the nature 
of light, which will be considered later in the chapter. 

We conclude that the ehu'trons concerned in the photo- 
electric effect are probably d('rived from the mimlH*r more or 
less closely bound up with the atom, the natural view to take 
being that those electrons which are less firmly Ixumd to the 
atom would, under suitable conditions, be the first to leave 
the system. 

The second question to be considered is that of deterinining 
the way in which electrons can aetpure suflicient energy to 
escape from a metal surface under the influenci; of light. 
There appear to be three possible theorii's as to tlu? methml 
by which the energy of the electron can 1 k> sufliciently in- 
creased by the communication of (energy from a train of light 
waves. ^ 
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In the first place, we can imagine that atoms or complex 
atomic systems become unstable under the influence of light, 
and project electrons from themselves by a process which 
might be described as an explosion. In this case the velocity 
of projection would be approximately that possessed by the 
electron within the atom. 

Secondly, we may suppose that, as the electric vector in 
a Rontgen pulse can detach an electron from the atom, so 
the electric vector in a half wave-length of light can also, in 
favourable circumstances, detach an electron whose energy 
would be derived directly from that of the light. 

Thirdly, we may suppose that the electrons, which must 
be regarded as having certain free periods of vibration, are 
set in resonant vibration by light-waves whose period agrees 
with their own, and so acquire sufficient kinetic energy to 
break away from the atom. 

1. The first view put forward is that the electron is ex- 
pelled by a process that might be described as an explosion 
resulting from the instability of the atomic system or systems 
induced by light. This is obviously suggested by the pre- 
vailing theory of radio-activity, and is equivalent to saying that 
in the photo-electric effect we have a kind of induced radio- 
activity. In this case the energy of the escaping electrons would 
be derived from the internal energy of the atomic systems. 

The hypothesis presents attractive possibilities, but cannot, 
I think, be seriously upheld at the present time. Radio-active 
processes, so far as our knowledge goes, are entirely inde- 
pendent of external conditions. Photo-electric activity is not 
an atomic property. The initial velocity of the photo-electric 
corpuscles varies in a continuous way with the frequency of 
the light ; such a result would require special assumptions 
to explain it were the energy the result of an explosion of 
the atoms. 

2. According to the second view the electron (whether 
bound '' or free ”) is liberated in consequence of the 

velocity imparted to it by the passage of a half-wave of light. 
The kinetic energy of the emitted electron is derived directly 
from the energy of the incident light. 


K 
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This view presents sorieus (liliieulties. lu the first phuH* 
the magnitude of the initial velocity (of the order .S x uv cm. 
per sec. for aluminram, correspoiuliiig to a fall of the eleetron 
through a potential differemv of 3 volts) is to,, large for it to 

come from a half-light-vibration of usual intensity, for, aiaa.rd- 

ing to the ordinary clectro-iuagnetic theory, juiteutial dif- 
ferences of 3 volts are not met with in such light. In tlu* 
second place, the velocity of emission does not depiaul on the 
intensity of the light when using a given s<.mve. 

Sir J. J. Thomson lias put forward a theory as to tin; 
nature of light which helps to meet these dilhrulties. It is 
similar in character to the " (luantnm theory ” ileveloped by 
Planck and Einstein, which suppost's that the energy in 
radiation is concentrated in discreti- units. Altliough these 
theories are in accord witlunany of the facts of photo-electricity, 
they are not accepted at the pn-sent time without (-onsiderahle 
reserve, mainly because tlK>y cannot be reconciled with the 
fundamental electro-dynamic eipiations of Maxwell and Hertz. 

J. J. Thomson* supposes that the ether through whii'h 
the light is travelling has disseminated through it disi'ri'te lines 
of electric force. The energy travelling mitwards with the 
wave is not spread nnifonuly over the wave front, but is 
concentrated over those parts of the front when* the pulses 
are travelling along the lines of force. 'Hius th<' front of a 
Rontgen pulse or a wave of light would suggest the ap|H*arance 
of a number of bright spots on a dark groinul. “ l-'roin this 
point of view the distribution of enmgy is very like that 
contemplated on the old emission theory, ucccirding to which 
the energy was located on moving particles sparsely dis- 
seminated throughout space. 'Hie energy is. as it were, thmt' 
up into bundles, and the energy in any particular l)undl«« <loes 
not change as the bundle travels along the line of ff.rre,** 
On the basis of this hypothesis it is |>ossib!e to exjdain the 
remarkably small ionisation pnHiuceil in a gas Iry Rfintgen 
radiation or ultra-violet light; when the ionisation is str<»ng, 
the ratio of the free ions to the number of gas molecules is 
less than i : lo’'*. This view of the structure of light remlers 

* J. J. Thomson, Proc. Camb, Phil. St>e„ t 4 , pji. 417 4.34, (t, 
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plausible; tlu; proiiortionality between the number of electrons 
('mitted and the intensity of the light, and the independence 
of the velot'ity of emission on that intensity. “ Thus if we 
consider light falling on a metal plate, if we increase the 
distance of the source of light we shall diminish the number 
of tlu'se dilfc'rent bundles or units falling on a given area of 
the metal, but wc shall not diminish the energy in the indi- 
vidual units. 'I'lnis any effect which can be produced by a 
unit by itsedf will, wlien the source of light is removed to a 
gri'ater distance, take place less frequently, it is true, but 
when it doc's take place it will be of the same character as 
when the intensity of the light was stronger.” 

'I'he ciuantum or unitary theory of light (Lichtquanten- 
hypothese) is derived from the work of Planck * on the radia- 
tion laws of a black body. The energy of radiation is sup- 
posed to be built up of an integral number of finite elements. 
Planck finds that such a quantum of energy e has the value 

where v is the freciucncy of vibration, and =6.55x10"” 
erg. sec. 

Itinstein f extended the hypothesis, and showed that 
monochromatic radiation of small density, obeying Wien’s 
radifition law, behaves as though it consisted of energy or 
light units of magnitude hv. He makes the hypothesis as to 
the nature of light general, and assumes that when light 
diverges fi-om a point, the enci-gy is not continuously divided 
over a space that ever grows larger and larger, but that it is 
('omposed of a finite number of quantities of energy. These 
units of energy move outwards without dividing, and can only 
be absorbed or emitted as wholes. By means of this hypo- 
thesis lunstein sought to explain such phenomena as the 
photo-electric effect, the ionisation of gases by ultra-violet 
light, photo-luminescence, and the theory of specific heat. 

According to the unitary theory of light the photo-electric 
emission of an electron is to be explained by supposing that 

• Planck, Ann. d. Physik, 4 , p. 553, 1901. 
t Einstein, Ann. d.JPhysik, 17 , p. 132. i 905 - 
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the kinetic energy of the electron is augmontecl by energy 
derived from one light unit. Hence arises the jirujmrtionality 
between the number of electrons emitted anil the intensity of 
radiation, and also the independence of the energy (or velocity) 
of the electron on the energy or intensity of the active light, 
although the electron’s energy is, in part at least, derived from 
the energy of the light. 

When the light unit gives up its energy, only a iletinite 
fraction of that energy may be transferred to the electron, 
but the simplest assumption to make is that the whole energy 
is given to a single electron. In this case the electron leaves 
the body with energy 

where P is the work the electron has to do in leaving tlu' body. 
If V denote (in E.S.U.) the positive potential which is just 
sufficient to prevent the discharge of electricity from the body, 

3. The third view attributc.s the expulsion of electrons to 
resonance. The electrons arc set in resonant vibration by 
the incident light, and acejuire suflicient velocity to enable 
them to escape from the atom. 

Some of the difficulties met with in regard to tlie sei-ond 
view are encountered again l»‘re. Imagine an electron 
executing linear vibrations about a position of e<|tulibiium. 
and suppose that when the amplitude of the vibration 
exceeds a certain definite limit the electron pastn-s In^yond 
the range of the attractive fori'es binding it to the atom. 
If light of the same period is iniident U|»on it, so as to 
excite linear resonance vibrations, the amplitude of the 
vibrations will go on increasing. When the amplitude 
reaches the limit assigned above, the electron would Ik* free 
from the atom, but its velocity would be z«»ro. To enable it 
to leave the atom with finite velocity it must a«|uire an 
overplus of kinetic energy, and this overplus must have la-en 
acquired during the last half of the whole rtisonance vibration. 
Thus we see that the initial velocity with wluch the electron 
escapes from the atom is derived directly from the light, and 
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as in the second view, from one half-vibration. We should 
then expect the initial velocity to increase with the intensity 
of the light. 

To avoid the difficulties here met with Lenard assumes 
the existence of complicated conditions of motion of the 
electron within the body, and that the initial velocity is not 
derived from the light energy, but from the energy of those 
movements already existing before illumination takes place. 

In this case the resonance vibrations only play a hberating 
role. 

Thus imagine an electron describing a circular orbit in the 
interior of an atom. If light falls upon it with an electric 
vector parallel to the line AB, the orbit will be disturbed, and 
we can suppose that the amplitude of the resonance vibrations 
parallel to AB increases till the electron reaches a point such 
as A (the extremity of the major axis of an elliptic orbit), 
where it is outside the range of attraction of the atom. The 
electron would then travel off at a tangent with a velocity 
equal to that with which it was moving in its orbit. The 
initial velocity would thus be independent of the intensity 
of the active light. On the other hand, we can see that there 
would be a relation between the initial velocity and the fre- 
quency of the light. 

Such a relation has been investigated by Lindemann * and 
apphed to the “selective” photo-electric effect when the 
vibrations of the electric vector are in the plane of incidence. 
He assumes that an electron is describing an elHptic orbit 
about a positive nucleus, and that the distance of the electron 
from the centre of the atom is one-half the distance between 
the atoms. Then as in Kepler’s treatment of a planetary 
orbit the time of revolution is 27rry{n^lm)i, where r is the 
distance apart, n is the valency, and e and m the charge an 
the mass of the electron. If the incident light has the same 
period, the eccentricity of the ellipse becomes greater and 
greater till the motion becomes unstable and the electron 

leaves the atom. .. . v j i 

In order to connect r with known magnitudes a tetrahedral 

• Lmdemann, Ve/rh. Dtwlsch. Phys. Gesell., 18 , pp. 482-488, 1911- 
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arrangement of atoms is assumed, ami r is then ftmnd to he 
2* X(A/Ni)*/ 2 , where A is the atoiiiie weight, d tiie thaisity, 
and N==6 xio"''. The value of r ealeulated for {Kitassiiun is 
2.37x10"", and the corresponding wave-length for niaxinmin 
resonance is - 438 ft/t. 

For other metals tlu' wave-k'Ugth <-an he ealeul.ited from 
the formula A- -65.3 V(rt/«), wh»-re a is the atojnie volume. 
The values so caUnilated are in gootl agreement with thos<* 
determined experimentally by I’olil ami l*rings!ieim * (p. 128). 

Li Na K Rh Cs ('a Sn iSa Mg 

X (calculated) 225 317 43K .pjo 550 233 271 280 172 

X (observed) 280 340 435 480 280 

The calculated value of the wave length giving the maxi- 
mum selective effect for calcium lies within tin- range of wave- 
lengths used by Hughes in the (‘xjH-riinents previously de- 
scribed (p. 136). Yet nothing abnormal was found with 
regard to the emission velocities from freshly-distilled ealrium 
as compared with the other iiudads investigatetl. Fold atul 
Pringsheim f found no selective effect with a {reshly-tlistill«‘d 
surf4.ee of magnesium, hut stu b an effect showed itself tlis- 
tinctly in less than oiu; hour after distillation, the maxitmim 
being at 250 /i/i. Magnesium was one of the metals investi- 
gated by Hughes, wlm found mjthing jM-culiar in the emission 
velocities. He concludes tlmt the emission vehnities apjH*ar 
to he unaffected by tlu; presimce of a selective effect. 

The results already rpiotvd justify \js in accepting the 
selective emission of electrons as a resonance phenomemm, 
and the balance of probabilities a{)iH'ars to bt* in favour of 
regarding the normal photo-eleetrie effect also as being thie 
to resonance. 

J. J. Thomson’s Tiikory of Radiatjon 

A theory of radiation has Iwen suggested by j. J. Thom- 
son. J in which the radiation is regarded as arising fn»m the 

* Pohland Pringsheim, Verk. d.Deuiick. Pkyt, GttM., 11^ pp. 46 59, 1912. 

t Ihid.i p. 546, 1913, 

i J. J. Tlxomson, PhiL Mag>, 14 , pp. ais-sjt, 'i|S-J47, 

544» 1910. 
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impact between electrons and the molecules of the body. In 
order to conform with the Second Law of Thermodynamics 
it is snj)posed that the forces exerted during the collision 
between a corpuscle and a molecule vary inversely as the 
I'ube of the distaiu'e between them, and further, that the 
collision may be regarded as taking place, not between the 
corpusc'le and tlu; inokH'ule as a whole, but between the cor- 
puscle and a system s\ich as an electric-doublet of constant 
moment with its negative end pointing to the corpuscle. 
Such doublets may l>e supposed dispersed through the mole- 
cules, the systems being of the same character in whatever 
molecules they arc found. If AB is a doublet with the positive 
end at B, a corpuscle P can have a state of steady motion 
when P describes a circle whose plane is perpendicular to AB 
and whose centi'o lies on AB produced. This steady motion 
is not permanent, for if the particle were started with a radial 
velocity it would slowly drift away. But we may suppose 
the system to remain in this state during the time occupied 
by a few light vibrations. 

It is shown that in such motion the kinetic energy is pro- 
portional to the freciuency. If a light wave of the same 
frcc|uenc,y passes through the body, the electric forces in the 
wave might tend to twist the axis of the doublet so as to 
alter the angle bc^tween that axis and the direction of the 
corpuscle, and if the altciration produced by resonance is 
sufficiently great the corpuscle might be liberated with prac- 
tically the same kinetic energy as it possessed in the steady 
motion. Thus the energy of emission would be proportional 
to the fretiucncy of the light. Since systems having the 
proper freciuency may occur only in a small number of mole- 
cules, we can exidain why the number of particles emitted is 
found to bo small compared with the total number of mole- 
cules passed over. 

In discussing at a later date * the “ unit theory ” of light 
J. J. Thomson points out that in all cases where this con- 
ception of the unitary character of light is helpful we have to 
deal with transformation of energy. He suggests that when- 
* J. J. Thomson, Proc. Camb. Phil. Soc., 16 , pp. 643-652. 1912. 
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ever there is a transformation of radiant oiK'rgy into t1u>rinal 
energy or thermal energy into radiant ('iiorgy, there is an 
element of discontinuity in the process, inasmuch as it takes 
place by jumps. Thus, to illustrate the a!)sorption of mono- 
chromatic light, let us imagine that we have a frictionless 
perfectly elastic spring supporting a charged body. If this 
were acted on by electric waves of its own jHaaocl it wt)uld 
absorb energy from the waves. Hut after the waves had 
passed over it the spring would go on vibrating for some time, 
and would radiate away its energy in tlu? form of electric 
waves of the same period as the jminary waves incident upon 
the spring — ^that is, wo should have merely a scattering of 
the primary wave and not real absorption. In order to get 
real absorption we may imagine that the spring snaps when 
the charged body has acquired a certain amount of energy, 
then the spring would act as a true absorber of energy, 
for the periodic character of the original energy woultl have 
disappeared. With a sy.stem of springs of this kind the 
energy ab.sorbed would always be a inultijde of a dehnitt! 
unit, namely, the energy re<jnire<l to break tin* spring. 

Suppose, in the next place, that w<‘ think of a .system 
containing molecules and corpuscles upon which mono<'hro- 
matic radiation is incident. Interchanges of (*nergy will take 
place between the various constituents of the system. The 
properties of gases indicate that there is no approach to any- 
thing like equipartition of energy bcdwei-n the corpuscles and 
the atoms and molecules. In such a case then* is a {Hissibility 
that the corpuscles should get into eciuilihrium with the 
radiation rather than with the molecmles. Thos<> c<irpusiles 
which are in resonance with tlie monochromatic light would 
dissipate their energy (is light-waves, and the light would 
be scattered but not absorbed. Hut if the corpusck; received 
that amount of energy which is sufficient to detach it from the 
system, so much energy would dissipjx'ur fretm the radiation, 
and absorption would take place, in tins way we can under- 
stand how absorption of energy can take phu e in a distam- 
tmuous manner. If we suppose tliat the return of an 
unattached corpuscle to its system is the cause of radiation. 



THEORIES OF PHOTO-ELECTRIC ACTION 


153 

the amount of energy radiated will likewise be finite and 
defiirite. 

The supposition that the energy of the corpuscles might 
differ from that required for equilibrium with the molecules 
according to the kinetic theory would account for the want 
of dependence of the photo-electric emission on temperature. 

Richardson’s Theory of Photo-electric Emission 

C). W. Richardson * has discussed the emission of electrons 
from a body exposed to radiation on the view that metals 
contain a kirgc number {n per c.c.) of free electrons, which are 
retained within the metal by the action of forces near the 
boundary, giving rise to work functions w-y, w^, &c., charac- 
teristic of each metal. These electrons are dynamically equi- 
valent to the molecules of a gas. The work done in taking an 
electron from a point A to a point B is 

W-R6ilog 

”2 

where R is the gas constant calculated for a single molecule, 
$ is the absolute temperature, and n^, are the concentra- 
tions of the free electrons at A and B respectively. From 
this it follows that at any point in an insulated enclosure 

R0 log «-l-w = C, 

where w is the time average of the potential energy of an elec- 
tron and C is constant at every point inside the enclosure, 
but may be a function of temperature. It is shown, on the 
basis of thennodynamic and statistical principles, that the 
number N of electrons emitted from unit area of a body in 
equilibrium with the complete radiation characteristic of 
its temperature 6, may be expressed in either of the two 
equivalent forms 

OS 

N» <F(vi0)E(i/,(9yv, 

4J0 

/ W 


• o. w. Richardson, Phil. Mag., 2 », p. 615, 1912 : 24 , p. 570, 1912. 
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where E(i'i^) is the funetiitn which expresses the distrihulion 
in the spectrum of the steady i-nerj^y tleiisity, is the 

number of electrons cmittetl in the presence of unit i-ner^y 
whose frequency lies between i> and c is the velocity of 

light, A is a constant characteristic of the sutistance and 
independent of S, « is the proportion of tin* returning elec- 
trons which are absorhi'd, "w is the internal latent iieat of 
evaporation for one electron, and R is the gas constant for 
one molecule. 

Assuming, as a convenient approximation, that 

7t> »■ 7V„ - 1 - RW, 

where w„ is independent of 6, and that a i — i.t\ that tliere is 
no reflection of the incident electrons, the second equation 
reduces to 

If, instead of using Planck’s formula for wi* replace 

it by the approximation (Wien’s form), 

-'*1 

we obtain an integral (Hpiation for tl-'fi/) which is satisfied by 
the values 

«F(>') “< o, when O- Ay*: re,, ; 

and by «F{i') ‘ ~ '"-'hen «»„< Av<to ; 

where A, ’C*A/a>r. 

These expressions for the number Jif electrons emitted 
under the influence of light of a particular wave-length slmw 
that there is a limiting value 

■■ A 

below which no photo-electric emission takes place. 

It is shown further that the average kinetic enf^rgy IV of 
the electrons which arc emitted by liglit of fr«*queniy e is 
given by 


when ui,<Av<to , 
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This assumes that reflection of electrons can be neglected. 
If this is not the case we can put 

Tr = s{Av- w,^, when < CO , 

where s is a positive quantity less than unity. By putting s = i 
we obtain the maximum kinetic energy for the given frequency. 

“ The above equations have been derived without making 
use of the hypothesis that free radiant energy exists in the 
form of ‘ light quanta,’ unless this hypothesis implicitly imder- 
lies the assumption (A) that Planck’s radiation formula is 
true, (B) that the number of electrons is proportional to the 
intensity of monochromatic radiation. Planck has recently 
shown that the unitary view is not necessary to account for 
(A), and it has not yet been shown to be necessary to account 
for (B).” Hence the confirmation of the equations does not 
necessarily involve the acceptance of the unitary theorv of 
light. 

The maximum and the mean energies of the electrons 
emitted under the influence of light can be determined from 
the velocity distribution curves. Richardson and Compton 
fi nd that the experimental results can be represented fairly 
accurately by writing 

Maximum energy = T,„ = - v„) ; 

Mean energy = Tr =k,(v- v„). 

The following table gives the numerical values of the 
constants ; 


Metal. 

Values from T„i. 

Values from T^. 

-13 

v^x 10 

Xo. 

km- 

-13 

v^x 10 

A- 


Na . 

5^-5 

583 

5'2 

52 

577 

2.6 

A 1 

63 

477 

4-3 

73 

4II 

2.6 

Mg . 

78.5 

382 

5*2 

80 

375 

2-55 

Zn . 

80 

376 

5*1 

84 

357 

2.8 

Sn 

83 

362 

4.9 

89 

337 

2.75 

Bi 

91 

330 

355 

89 

337 

1.9 

Cu 

100 

300 

3-8 

97 

309 

1.65 

Pt 

104 

288 

5-85 

103 

291 

2.8 
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The unit for ^ is i pn, and for and is 10 erg. sec. 
The values of v„ or ^ obtained from the maximum energy 
agree with those obtained from the mean energy except in the 
case of aluminium. The authors attach more weigiit to the 
values from the moan energy. 

The values of k„ arc fairly concordant excejit in thi* case 
of copper and bismuth, and arc about 20 per cent, less than 
the theoretical value corresponding with tlu; formula 

T,„-/ 4 (e 

where h is Planck's constant, 6.55 xio"''‘' erg. sec. The values 
of kf are approximately one-half the c'orresponding value.s of 
k^, including copper and bismuth — that is, the value of .s- in 
the formula 

is very close to one-half. 

A further test of the theoretical formula is affordeil by a 
consideration of the term Wg - hv„. 'rhe latent heat of evapo- 
ration of electrons at the absolute zero of temperature can 
be calculated from mca.surcmcmts of the saturation electronic 
current at different temperatures. The mean value of w„ 
so obtained is 5.34 volts, or 8.32x10 erg. in the casi* of 
platinum. The value of is 1.04x10'* sec. whence 
wJv„=8.07 erg. sec. This value of h is fairly close to 

the radiation value. 

The theory led to an expression connecting tlie values of 
w„ for two metals, from which it appears tliat the difference 
between the two values of is approximately e(|ua! to tlie 
contact difference of potential between the metals in tpiestittn. 

The experimental results obtained by Richardson and 
Compton may be compared with those already recorded for 
distilled metal surfaces by Hughes (p. 137), who ustal a formula 
for the initial velocities of the sjime typti as that deduced by 
Richardson. To facilitate the comparison, the following table 
has been prepared giving the values for the maximum energy 
in the case of the metals magnesium, zinc, and bismuth, com- 
mon to both sets of experiments. 
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Metal. 

Richardson and 
Compton. 

Hughes. 


V 


^0- 


Mg . . . 

382 

5-2 

330 

5-32 

Zn . . . 

376 

51 

302 

S- 9 S 

Bi ... 

330 

3-55 

323 

5-70 


In each case the initial velocity as measured by Hughes is 
greater than the corresponding velocity for the surface ob- 
tained by scraping the metal. The wave-length at which the 
emission of electrons sets in is less in the experiments of 
Hughes than in the results recorded by Richardson and 
Compton. Greater weight must be given to the observations 
secured with surfaces produced by distillation in a high vacuum. 

It has been pointed out by Hughes* that in all these 
experiments the maximum velocities investigated are those 
of electrons emitted from the side of the plate on which the 
light was incident. Now, from the results of Robinson (p. 46) 
for platinum, it may be inferred that originally all the elec- 
trons are, perhaps, emitted more or less in the direction in 
which the light is travelling, and that the energy lost by a 
photo-clcctron in swinging round from its original direction 
of emission is at least ii per cent. The difference appears to 
be sufficient to account for the value of for platinum being 
less than Planck’s constant h. In other words, the results 
of the quantum theory and of Einstein’s formula may be 
applied in the case of platinum, and presumably in other cases 
also, if we keep in mind the electrons which emerge in the 
direction of the incident light. If this be borne out by further 
experiment, we reach the important conclusion that for light 
of given frequency, electrons acquire the same energy in the 
case of all metals, though the work done in escaping, w^, is 
a quantity characteristic of the metal. 

The question of the number of electrons emitted in unit 
* Hugbes, Phil. Mag-, 26 , pp. 683-686, 1913. 
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time has been discussed by iumpton and Kichartlstin * iti a 
paper recently published. It is sluivvn that tlu' sngf'csted 
solution of the integral etiuation is eapabk* df predi< ting 
accurately the values of tlie wave-length <-orn‘S|»(inding to no 
emission and to ma-xinium etnission respfitiv«-ly, but tlu* 
experimental results point to the existence of aiuither term 
in the solution. For the curve showing the rel.ition between 
the number of electrons emitteil and the wave length .tppears 
to possess two maxima inst<>ad of only a single niaximuin. 
One term may be laujuired to acc()imt for the “ selective." 
and another for the “ normal ” photo-elet trie etfect. .Such 
a solution of the theoretical c(juutions has not, as yet. been 
discovered. 

* Compton and Itidiurdson, /’AiV. Muf;.. 26, pp. 50 /, (. 



CHAPTER XII 

PHOTO-ELECTRIC FATIGUE 

The fact that the photo-electric activity of a metal surface 
which has been freshly polished diminishes with the time 
has been known almost as long as the existence of the photo- 
electric current. In the experiments of Hertz it was noticed 
that the illuminated metal terminals between which the spark 
was to pass required careful polishing; tarnished terminals 
showed no increase in the spark-length when illuminated by 
ultra-violet light. 

Many of the earlier experimenters noticed that the photo- 
electric current from metals such as zinc or aluminium dimi- 
nished as the time that had elapsed since the metal was polished 
was increased. Hallwachs also found a diminution in the 
positive potential reached by a metal plate when iUuminated, 
after the plate had been used for some time. This diminution 
in photo-electric activity is known as the “ fatigue ” of the 
Hallwachs effect. 

In his first paper on photo-electric phenomena Hallwachs * 
remarked that the " ageing ” of the surface is accelerated by 
the influence of the illumination. Again, | in describing the 
experiments showing that a metal becomes positively electrified 
under the influence of light, he states that “ old surfaces no 
longer show the phenomenon. The radiation itself lowers the 
potential to which the plates can be electrified, so that with 
any succeeding experiment made with the same surface the 
potential obtained is lower, while the rise to it takes place 
more rapidly, and the decrease is greater than when for the 
same interval of time between the experiments the plate was 
not illuminated.” In a later paper J he pointed out that this 

* Hallwachs, Wied. Ann. d. Physih, 38 , p. 308, 1888. 
f Hallwachs, Phil. Mag. (s), 26 , p. 78, 1888. 
i HaUwachs, Ann. d. Physih, 87 , pp. 666-675, 1889. 
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change was not dtie to oxidation of the surface', at !<‘ast in 
the case of a copper plate. The activity of an oxidised plate 
was the same as that of a polished plate. Tlx? prtisence of 
water vapour was without ofhrt. A copper plate oxidised by 
heating in air can be used as a standard, as the activity assumes 
a constant value which changes but little with the time. 

Photo-electric fatigue wiis noticed by Hoor.* * * § When a 
freshly-polished plate of xinc was illuminateil by an arc lumi) 
for 20 seconds a diminution of 35.4 per cent, took plac(‘ in a 
negative charge communicated to an electnwcope in connec- 
tion with it. With copper th(' diminution was 37 {)er cent., 
with brass 38 per cent. After the plates were exposed for 
48 hours in the open air the diminution in the charge was 
about the same for all three metals — viz. 10 jx'r cent. 

Stoletow t notes that when two condensers are used at the 
same time, one being nearer the source of light than the other, 
that which is nearer the source fatigues njore rapidly than the 
other, so that the ratio of their sensibility vari('s when the 
exposure is prolonged. 

Elster and Geitel i found that a freshly-polished surface of 
zinc lost half its photo-cdectric sensitivent'ss in five minutes, 
sunlight being used in making tlu* test. 

Branly,§ again, drew attention to the fact that metal 
surfaces were extremely active when freshly polished, sun- 
light being then sufiicient to i>roduce tlu* discharge. An alu- 
minium disk tested about 35 minutes after polishing showed 
about one-third of the initial activity. 

Theories or Photo-electric Fatiuck 

Various theories as to the nature of the change {>roducing 
photo-electric fatigue have been advanctsd. Thest; may be 
summarised as follows : 

I. A chemical change, such as oxidation of the surface. 
(Knoblauch.) 

* Hoor, Ahad. Wiss. Wien. Her., 97, p. 7*.?. 

t Stoletow, C. R., 108 , pp. 041-1341. 1889. 

t Elster and Geitel, Wied. Ann. d. Physik, 38, p. 50J, 18«9, 

§ Branly, Journ. de Physique ( 3 ), 8 , p. jtw. 1893. 
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2. A physical change of the metal itself, as, for example, a 

roughening of the surface. 

3. An electrical change in the formation of an electrical 

double layer. (Lenard.) 

4. A disintegration of the metal due to the expulsion of 

electrons by light. (Ramsay and Spencer.) 

5. A change in the surface film of gas, or in the gas occluded 

in the metal. (Hallwachs.) 

It must be kept in mind that the cause of such a phenomenon 
as photo-electric fatigue is not necessarily the same in all 
cases. What may be a primary cause of fatigue in one case 
may play only an unimportant part in other cases. Thus 
oxidation would bring about a rapid diminution in the activity 
of an alkali metal exposed to air, but it does not follow that 
the fatigue of other metals is in all cases due to the same 
cause. As many confusing and contradictory results have 
been obtained by different experimenters, it is most im- 
portant to pay attention to the exact conditions under 
which fatigue takes place in any particular instance. In 
dealing with this subject it is convenient to distinguish 
between the rapid fatigue that takes place when a plate, say 
of copper or zinc, is exposed in a gas at ordinary pressures, 
and the slow fatigue sometimes observed in a vacuum. 


Photo-electric Fatigue in Gases at Ordinary 
Pressures 

In discussing this case we may ask four questions, which 
can only be answered by experimental investigation. Firstly, 
is light the active agent in producing fatigue ? Secondly, does 
fatigue depend on the size of the containing vessel ? Thirdly, 
does fatigue take place in gases other than air ? Fourthly, 
does fatigue depend on the electrical condition of the plate ? 
On the answers obtained depends the choice of the correct 
theory of the main cause of fatigue. ^ ^ 

I. Is Light the Active Agent in producing Fatigue?— We 
have seen that in the early literature of the subject fatigue 
was often attributed to the direct action of the light. 
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Kreusler,* who was the first to inv<'stigatc fatigue effects 
systematically, cxprc'ssly stati's that the fatigue clepemls on 
an action of the nltni-vioh't light on the surface of the kathode. 
This is shown by the following experiment. The photo- 
electric current with a potential of ;j.t2o volts was nu-asured 
several times in snceession, using a kathodi- of freshly-polished 
zinc Between two nusisuriiiuiits tlu* katlHulc* rtiiiaiiit*tl in 
connection with the earth that is. at zero potential. During 
this interval it was eitlu-r ilhuninated for several minutes or 
shielded from the light (a z mm. spark between A1 terminals). 
The following tabic illustrates the results : 

Intensity of Photo-deetric t'urrent. 





Amp. 


Initial 


. 

. 1 ..ro X 

10 

•to 

After 8 minutes 

in 

darkness 

■ n.i.tx 

10 

■ so 

After 5 minutes 

in 

light . 

. I ih ‘K 

SO 

to 

After 6 minutes 

in 

darkness 

. 1 , 1 f ) X 

10 

tfl 

After 5 minutes 

in 

light . 

, 1.03 X 

so 

til 

After 5 minutes 

in 

darkness 

. 1.03 n 

so 

10 

After 6 minutes 

in 

light , 

, 0,85 X 

so 

111 

The fatigue is 

j>r(^|>orticniial 

to the duration 


illumination. 

It should bo noticed that in these exjHriments very large 
potential differences were em{)loyi‘d. 

About the saint; time Buisson f carried out a series of ex- 
periments which led him to the conclusitm that a mcKlifieation 
of a metallic surface was brought ulxnit nntler the infhteiict; 
of light. The properties invt'.stigated w»*re tlu; photo-electtic 
activity and the coirtaet difference of ptitential. 

“ Immediately after cleaning, the s|K*ed of (photo-elt-rtrie) 
discharge is extremely great, but it lessens regularly tinvards 
zero. The rapidity, but not the inmle of this diminution, 
depends on the richness of the light in ultra-violet rays. 

” This variation of sensitiveness is not essentially tine to 
an alteration, such as oxidation, prtjduced by the air alone. 
It is light which is the active agent. In fact, such a plate 

* Kreualer, Ann.^ d, Pkyntk, % p. 

I Buisson, Amui, Chim* § 4 , pp, 
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left several hours in darkness after having been cleaned, and 
then exposed to light, behaves like a fresh plate, and further, 
its sensitiveness is considerably increased. Lastly, the diminu- 
tion of sensitiveness which light produces on the metallic 
surface is not permanent. It disappears in darkness, and after 
a stay of sufficient duration away from the light, the plate 
behaves as if it had never been exposed. 

“ The results are clearest with amalgamated zinc, with 
which one can obtain a perfectly new surface by strongly 
wiping the metal. With zinc and aluminium it would appear 
that, in addition, the action of light produces a slow per- 
manent alteration, such as oxidation.” 

The variation of the photo-electric sensibility was also 
attributed to the action of light by E. v. Schweidler.* The 
substances tested were zinc, magnesium, amalgamated zinc 
and magnalium, and the fatigue was found to be due chiefly 
to “ effective,” i.e. ultra-violet, light. The process of recovery, 
which is not dependent on the light, may be superposed 
on the process of fatigue, so that the two go on simul- 
taneously. 

The interpretation put upon the recorded results was first 
called in question by Hallwachs,t who came to the conclusion 
that under ordinary conditions light is not a primary cause 
of photo-electric fatigue. He pointed out that, owing to the 
size of the containing vessel influencing the rate at which 
fatigue takes place, experiments in light and in darkness were 
not comparable unless the size of the vessel were unchanged. 
Experiments carried out with two zinc plates in sunlight 
and in complete darkness showed no difference in the rate of 

fatigue. ^ . 

Percentage Fatigue. 

In light . . 40 78 88 93 

In darkness ■ 44 94 

Time in minutes 6 24 52 135 

The use of photo-electric cells with plates of Cu or CuO 
for the photometry of ultra-violet light was only possible in 

* E. V. Schweidler. Ahad. Wiss. Wien. Ber.. 112, Ila, p. 974. I903- 
t Hallwachs, Phys. Zeit., B, p. 489 , 1904 . 
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view of the fact tliat pr(>l<»!if;c<l cxjuisuri' to tljc radiation 
had no influence on tin- activity. In the course of his 
researclie.s Hallwachs never found a reei every of activity 
that coxikl be attributed to the plate Iieinj* kept in ilititaicss. 
Thougli the radiation is not tin* direct cauM* of fatigue, it 
may in certain cases be a secondary c.ium\ a^ througli tin- 
production of ozonc“. which is hmnd to bring about a diminu- 
tion of the photo-<‘lectric activity. 

F. Aigocr * disputed the conc lusions of Ihdhv.ic iis, and 
described cxperinients from whic h lie inferrerl th.it c hauKcs 
in photo-electric activity are due direc tly to the illuminalion ; 
the shorter the wave-length, the nion* active is the light, as 
a rule, in producing fatigue. 

E. Ullmann f has repeated the e.xperiments of Aigner with 
a view to discovering why his results sli<»w<‘d evidetica* of an 
influence of light on the fatigue of zine. Two zim- plates in 
two similar testing vessels were tested at the Ix-ginning and 
at the end of a period of five minutes, during whieli one was 
in darkness while the other was illnminated l>y an are lamp. 
With the lamp distant 120 em. from the pldes no difference 
could be detected in thi‘ percentage fatigue. The same was 
true with the lamp 4(> cm. from the plates ; but wluuj the 
distance was reduced to 2.} cm. the illmninated plate was 
found to fatigue more rapidly tlian the piat** in darkness, ‘fhe 
difference was attributed in part to the formation of ozone 
by the ultra-violet light, in part to the action of heat on tlie 
plate. To discriminate Ix’tween the effects, the fatigue was 
measured when th(! illumination was (a) direc t, {h) tangential, 
(c) on the back of the platt;. The eonelusioti tlrawn from 
these experiments was that illumination produced sm tlireet 
fatigue, but tliat the fatigue observed by Aigner must 1 «* 
attributed to the infliuTiee of ozone, dimitiisfied by the influ- 
ence of the increased temjHTutttre, 

The results obtained by ITS. Allen | in his earlier pa|>ers 

• F. Aigner, Ahad, Wisx, Sitt, Ihr.. 116. Jtt. pj», 

t E. Dthnann, Ann, d. Thysih (4). 82, p|>. 15 jii. tc^tet, 
t H. S. Alton, Pruc. Huy. Sik.. A. 78, { 7 . p. 481 ^. icjci; ; 88 , § «!. p. 1 ^ 4 , 

1909- 
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on the photo-electric fatigue of polished and amalgamated 
zinc. ;irc in agreement with the view of Hallwachs. He found 
that tlu; rate at which the fatigue proceeded was not greatly 
infhu'ncc'd by tlie intensity or character of the source of light 
employed. In his later work * he has shown that the fatigue 
takes place in complete darkness almost as rapidly as in light. 
Thus wo conclude that light is not the primary cause of fatigue, 
though it may play a secondary part in accelerating or retard- 
ing fatigue. 

The cTfect of light of longer wave-length in increasing the 
activity — an effect mentioned by several experimenters — ^is 
almost certainly due to a rise in temperature. This is illus- 
trated in Fig. 34, p. 170, where the upper curve shows an 
apjjarent recovery of the plate due to the thermal radiation, 
while the lower curve shows the normal fatigue that occurs 
wlien the longer waves are absorbed by a layer of water. 

2. Does Fatigue depend on the Size of the Containing Vessel ? — 
The influence of the size of the containing vessel (Gefassein- 
fluss) on the rate at which fatigue proceeds was first noticed 
by Hallwachs.f Highly-polished copper plates were placed in 
a photo-clcctric coll immediately after polishing, and their 
photo-electric, activity determined. They were then removed 
from the cell and plac^ed in various receptacles, from which 
they were taken from time to time for measurements of their 
activity to be made in the coll. Plates lying in the open air 
sliowcd a fall to half the original activity in about 1.5 hours, 
whilt! those in the room reciuircd twice as long for the same 
fall to take place. If the plates were put in a large glass 
vessel c>{ 0.5 cubic metre capacity, the activity fell to half- 
value in 22 hours, and if the plates were put in a i-litre flask, 
no kiSS a period than from 8 to 20 days was necessary. 

A plate of copper oxide (CuO) is much more constant. In 
a room the activity falls to half-value in about 13 days — about 
100 times the period for the copper plate. With the CuO 

• It. S. Allen, Am. d. I’kysih, 82, p. ini, 1910 ; Phil. Mag., 20, pp. 565- 
567, 19K>. 

t Ilallwacliti, Phys. Zeit., 6, pp. 489-499, 1904 ; Ann. d. Physih, 23, pp. 

459-516. 1907- 
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plate enclosed in a glass vessel closed with a quartz window 
the period required was not less than 330 days. Such a cell 
can be used for the photometry of ultra-violet light. 

The experiments of Aigncr * on the fatigue of zinc led him 
to the conclusion that the influence of the vessel suggested 
by Hallwachs, if present at all, is very small. These experi- 
ments have been criticised by Hallwachs and Ullmann on the 
ground that the containing vessels were of .such shape that 
the gases within could play but a small part in bringing about 
fatigue. All the vessels were narrow cylinders not more than 
6 cm. in diameter, and differing only in length (from 25 to 
150 cm.). 

Ullmann f carried out an investigation on the influence of 
the size of the vessel on the fatigue of zinc, by which this 
effect was made certain. The vessels used were a i-litrc glass 
flask, a glass vessel of 600 litres, and a room of 9.4 x 10* litres. 
The mean percentage fatigue ob.served with these three vessels 
amounted to 27.4, 32.8, and 40.5 respectively. It was found 
that the transference of the plate under test from the vessel 
to the testing cell produced a certain amount of fatigue (n<it 
observed in the case of copper), which was allowed for by 
special experiments. 

H. S. Allen f also has observed a marked difference in the 
fatigue of zinc when that fatigue takes place in the air of a 
room and inside a closed testing vessel. In the confined space 
the fatigue proceeds more slowly ; thus in one scries of ex- 
periments the activity diminished 31 per cent, in 16 minutes 
inside the vessel, but in the air of the room 47 per cent, in the 
same time. 

Ignorance of the influence of the size of the vessel on 
fatigue goes far to explain the contradictions found in the 
records of the earlier experiments on the subject. 

The fact that the rate at which the fatigue proceeds dimi- 
nishes with the size of the containing vessel is evidently of 

* F. Aigner, Akad. Wiss. Wien, Site. Her., 116, 2a. pp. I4«5~i504. 1006. 

t Ullmann, Ann. d. Physik (4), 82 , pp. 1-48, 1910. 

1910 Ann. d. Physik, 82, p. nn, 1910; Phii, Mag., 20, p. 571, 
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fundamental importance when considering the cause of fatigue. 
Hallwachs suggests three hypotheses : (i) the fatigue is due 
to some substance present in the air in only small quantities ; 
(2) the fatigue is due to some form of radiation which cannot 
penetrate the walls of the vessel ; (3) the vessel prevents the 
escape of something (electrified particles or some form of 
radiation) from the plate under test. Hallwachs rejects the 
two last hypotheses, and attributes the fatigue principally to 
certain substances in the surrounding atmosphere. In the 
case of Cu and CuO water vapour produces a certain effect, 
but one that is too small to account for the fatigue observed ; 
wood-tar gives a strong, ammonia a very strong effect ; but, 
according to Hallwachs, the agent that is primarily respon- 
sible for photo-electric fatigue is ozone. In the case of zinc 
Ullmann finds that water vapour brings about marked 
fatigue both in air and in hydrogen, though here too ozone 
is effective in promoting fatigue. Another factor that is of 
influence in checking fatigue in a small vessel is the pre- 
vention of air-currents which would bring fresh amounts of 
the substance producing fatigue up to the metal surface. 

3. Docs Fatigue take place in Gases other than Air ? — ^An 
answer to this question is likely to throw much light on the 
nature of the causes that bring about fatigue. It might be 
sujiposcd, before any investigation had been carried out, that 
air or oxygen was es.scntial for the production of fatigue. 
Tlius Knoblauch,* who held the erroneous view that the 
photo-electric current is directly caused by the process of 
oxidation (see p. 83), explained the fatigue of a zinc plate as 
due to the formation of a layer of oxide. 

It has been stated by some writers that fatigue does not 
take place in hydrogen. Thus Varley f records observations 
on zinc in hydrogim from which he infers that there is no 
sign of fatigue. On the other hand, Hallwachs t describes 
experiments with copper and platinum, which prove that 
the fatigue of these metals in hydrogen is quite analogous to 

* Knoblauch, Zeil.f. Phys. Chem., 29 , p. 257, 1899- 
t Varley, Phil. Trans. Hoy. Sac., A, 202 , p. 444 , 1903. 
t Hallwachs, Ann. d. Physik, 28 , pp. 489-490, 1907. 
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that observed in air, the fatigue of eopper lx‘ing somewhat 
less rapid, but that of platinum iH'ing somewhat more rapid 
in hydrogen than in air. The fatigue of zinc in hydrogen 
has been established by the experiments of UUinann • and of 
H. S. Allen.f The latter also examined the iH'haviuur of alu- 
minium and copper, and found that the fatigue took plaee at 
about the same rate in hydrogen as in air. In these exjH-ri- 
ments the metal plate was polished and put in jiosition in the 
testing vessel, the air was disjrlaced by a current of hytlrt»gen, 
and observations of the activity were commetreed a few 
minutes after polishing. It is not {>rohable that the g.is was 
entirely free from water vajKuir, nor is it likely that the air- 
film on the surface of the plate was immediately chajjged. 

The influence of the surrounding medium on photo-elet trie 
activity was clearly sliown in the restrarches of Wulf.| t hk>rine 
and ozone were found to cause strong fatigue with a platinum 
electrode. With ozone the effect of moisture was partir ularly 
marked. With moist ozone the activity fell to half its initial 
value in i minute, while in dry ozone a similar tliminution 
required about 15 minutes. 

4 . Does Photo-electric Fatigue depend on the Fleetriatl 
Condition of the Plate A— In the exiH^riments of Kreusler | 
differences of poteirtial not far short of tlurst; ret]uired to pro- 
duce a spark were employed, but there is no evidence showing 
any effect on the proctsss of fatigue due to these! high jKitentials. 
In order to free the results from tlie ttffert of the fatigue, eai h 
series of observations was divided into two parts. The first 
gave the intensity of the photo-elec trie current in g»»ing from 
high to low potentials, the second in going from low to higit. 
The results were plotted with the kathode jwtentia! as ul>s«'iss4i 
and the current intensity as ordinate. 'Hus gave two curves. 
The mean curve was drawn, and gave the relation for ti ciin- 
stant activity. If a is the maximum ordinate of the de- 
scending curve and b the corresponding ordinate of the mean 

* E. XJllmann. Ann, d, Phyrnk. p. |j. 1910. 

t H. S. Allen, d, PhyBih, SS, p. iiu, 1910; p|i* 

569-570, 1910. 

t Wulf, Ann, d, Physik^ % p. 946* 

§ Kreusler, Ann, d, Pkysik, S# p, 198* 1901, 
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curve, ^ gives a measure of the fatigue effect. There is no 

indication of this ratio being dependent on the potentials 
employed. 

E. V. Schweidler,* * * § in studying the variations in photo- 
elertric activity of zinc, aluminium, magnesium, and mag- 
nalium, found that the fatigue proceeds at the same rate 
whether the illuminated plate carries a positive or a negative 
charge. 

Hallwachs j found no effect on the fatigue due to the 
electrical condition of the plate. He carried out a series of 
simultaneous observations on the photo-electric activity and 
the contact potential of a plate of copper. No parallelism was 
found between the fatigue effect and the variation of the 
contact potential. He concluded that the formation of double 
layers, as suggested by Lenard, could not be the main cause 
of the fatigue, though such a change might perhaps explain 
a certain percentage of the observed effect. 

Sadzewicz J also found that the degree of fatigue does not 
depend on the initial value of the current, on the electric 
state of the plate during illumination, nor on its photo-electric 
sensitiveness. It is thus not an electric phenomenon properly 
so-called, and is not closely connected with Hallwach’s pheno- 
menon. 

The variations in the contact difference of potential of zinc 
were found by UUmann § to have little or no influence on the 
photo-electric activity, so that it is not possible to explain 
the photo-electric fatigue of zinc as being caused by such 
variations. 

H. S. Allen, II too, showed that the rate at which fatigue 
takes place with a zinc plate does not depend on the strength 
of the electric field applied, nor on the sign of the charge on 
the plate. 


* E. V. Schweidler. A had. Wiss. Wien. Ber., 112 , Ila, p. 974, 1903. 

•f Hallwachs, Ann. d. Physik, 23 , pp. 467-484, 1907. 

I Sadzewicz, Acad. Sci. Cracovie. Bull., 5 , pp. 497-498, 1907. 

§ UUmann, Ann. d. Physik, 82 , p. 46, 1910. 

II H. S. Allen, Ann. d. Physik, 82 , p. mi. 1910; Phil. Mag.,. 20, pp. 
568-569, 1910. 
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The Rate of Photo-electric Fatigue 


Buisson * found that the photo-electric activity diminished 
according to the exponential law. Schweidlcr f gives a for- 
mula in which the activity at any instant is represented by 
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the sum of an exponential and a constant term. II. S. Allen J 
found in the case of polished and amalgamated zinc that two 
exponential terms were required. The diagram (Fig. -34) 


* Buisson, Annal. Chim. Pkys., 24 , pp. 320-3V8, lot)!, 
t ScEweidler, Akad.Wiss^ Wien, Situ. Bey., 112 , m, pp. e>;4-9H4. i9<,3. 
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+ H. S. Allen, Proc. Pay. Soc.. A. 78 , pp. 4S3-493. t€)07 ; 82, pp. 
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illustrates some of the curves obtained ; the ordinate repre- 
sents the logaritlim of the photo-electric activity, the abscissa 
the time since the plate was polished. A straight line on the 
diagram would represent a single exponential term. He put 
forward the hypothesis that two consecutive changes took 
place at the surface of the zinc, but the nature of the modi- 
fications thus suggested was left an open question. 

It is sometimes assumed that equations of the type here 
indicated necessarily refer to unimolecular changes. But in 
certain cases reactions are met with which, though really 
polymolecular, behave like unimolecular reactions.* Thus 
certain gaseous reactions take place on the surface of the 
walls of the containing vessel, and the velocity of the reaction 
is proportional to the pressure of the gas. The chemical 
change then appears as a reaction of the first order. A purely 
surface action may simulate the character of a unimolecular 
reaction. 

Ramsay and Spencer f have published curves showing the 
" tiring ” of metals when continuously exposed to light from 
a mercury vapour lamp. The curves they have obtained for 
magnesium, zinc, and tin .show a number of breaks, the numbers 
corresponding to the number of valencies of the metal. In 
the case of aluminium at least five or six breaks were observed. 
No special precautions appear to have been taken to keep 
the source of light constant, and the curves of other observers 
do not show these breaks. In view of these considerations and 
other facts already brought forward, the theory that the 
metal undergoes a scries of changes by the loss of “ metallic 
corpuscles ” cannot be maintained. 

Anthracene shows photo-electric activity of nearly the 
same amount as that shown by zinc, and the activity decays 
with the time. The fatigue has been studied by A. Pochettino,|; 
who finds that it can be represented by an exponential curve. 
The decay is observed only when the layer of anthracene 
exceeds a certain thickness (.02 mm.). The original activity 


11 . M. Dawaon, Nature, 71 , p. 532. April 5, 1905. 
t Rammy and Spencer, Phil. Mag., 12 , p. 397, 1906. 

I A. Pochettino, AUi dei Lincei (5), 15 , pp. 171, 355 - 363 / 1906. 
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of anthracene which has completely lost its photo-electric, 
properties can be restored, not only by leaving tlu- material 
in darkness, but by exposing it for a few minutt's to the radia- 
tion of radium. This case differs from that of tlu' metals we 
are at present considering in the fact that the solid anthracene 
is a good insulator, so that the accumulation of surface charges 
probably accounts for the fatigiu' observed. 

Conclusions 

Reviewing the evidence brought forward as to tlu; 
character of the change in the phottr-electric fatigue, 
of metal plates in gases, we see that certain of tlu; 
theories proposed arc ruled out as inapplicable. That the 
primary cause of fatigue is not oxidation is proved by the 
measurements of llallwachs on the plioto-eUsctric activity of 
copper and its oxides, and by the results obtained in an 
atmosphere of hydrogen. Since fatigue is not directly diu! to 
the light, and since it deixmds on tin; size of the ettntaining 
vessel, it cannot be due to a physical change of the metal 
itself or a disintegration of the metal. Again, tfie theory that 
fatigue is due to the formation of an elect ri<-al double layer 
is not in accordance with the cx}Hn'imental facts ; contact 
difference of potential and photo-electric fatigue do not stand 
to one another in the relation of caus<‘ to efhvt, in fact they 
sometimes vary in opposite directions, and a large cliange in 
the potential difference is often acconipanit^d by only a small 
change in the photo-electric activity. We must, tlicm, con- 
clude with Hallwachs that the main cause; of photo-electric 
fatigue is to be found in the condition of the gast;ous layer at 
the surface of the plate. This docs not exclude the existence 
of secondary causes of fatigue in particular cases. 

In the case of metals, such as copi>er, ozone jdays a 
most important part in producing the rapid fatigue found 
in a large chamber. We must therefore in<pnre in what 
way the ozone affects the emission of electrons. Exix;riment 
showed that this action was not due to a special power t»f 
absorbing electrons possessed by ozone. In all probability it 
is due to the formation of hydrpgen peroxide when the ozone 
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comos intf> contact with tlu' nuttal plate. This substance 
absorbs nltra-violct in a nanarkable degree, and thus 

tlu' prcscnct' of an exlrcnicly thin surface lilm is sufficient to 
account for the rapid diminution in the photo-electric activity 
cxpcrinicntally observi-d.* 

This explanation of photo-electric fatigue is in agreement 
with the facts observed in <-onnection with changes in the 
contai t difference of potential, f and with the i)roduction of 
an image on a photographic plate in the dark, when a metal 
plate is placed near to but not in contact with the sensitive 
film. It is capable also of <‘xplaining the results observed by 
Crowther,+ who found that e.Kposure to the. a, and y rays 
of radium produces a marked diminution in the photo-electric, 
activity of a copper jdatep while exposure to the and y rays 
only, produces inm h smaller fatigue. 

PiroTo-Kt.HCTKu; Fatiouk in a Vacuum 

If mw reflects cm the difficulties attaching to the prepara- 
tion of a perfectly cUxui surface* in a very high vacuum, it can 
oeeasion little surprise to find that contradictory conclusions 
have been reached as to the c'xistenee of photo-electric fatigue 
in a vactmm. These diffieidties must be borne in mind in 
readitig the following pages, in which an attempt is made to 
summarise the princ*ipal investigations bearing on this ciuestion. 

In the* 1‘xperimeuts of Lenard § the photo-electric current 
was ttieasured in a high vacuum. An aluminium plate was 
freshly polished and immediately phu'cd in the apparatus to 
be evaeuated. 'Hie observations begiur when the pump had 
nearly n^ac-hed the* limit of its jKiwers, about one hour after 
polishing the plate. The photo-eleetric activity at first 
showed a tliminutictu lasting for about three-quarters of an 
hour- that is, about as hmg as tlu* pumji removed bubbles of 
gas from the apparatus. After that the activity remained 
unaltered over a janiod of ten days. 

* I lailwiiclts, HrmiuM du inifirmttwniti de Radiologw $i 

t fl. tmi Ana. ii. PhvMik, 81 , pp. Bju, igtiK 

} C:trttwthf?r, Camlh PhU. Sac, Prm., 14, pp. 

I Lwmnl Ann. d, Pkyiik, 8, pp* 14^-198, S903, 
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In the case of a surface of lampblack, fati^jnt; was ol)scrv(>d 
even in a good vatnnun. Freshly cleposited surfaces wt'te 
always most active ; in the ecnirse of the first day there took 
place rapid, and later on slow (h-cay of the activity ; even 
after a stay of months in a vacuum the surface did not show 
a constant activity. In a long period a decay of th<> activity 
to about 1/7 was observed. If air was a<lmitted to atmospheric 
pressure and the vessel again exluuisted, the activity showed 
an increased value. According to l.enanl this points to the 
formation of an electrical double layer on the surface. At 
the end of a long series of e.'cperiments a picturt! of tlu' gauze 
was found on the lampblack surface, the meshes of the g.mze 
being lighter and the wires shaded darker, 'khis suggests that 
in the carbon itself there is some alteration, which apjasirs 
to be brought about by the light (sec p. 5). 

In the experiments of Ladenburg • fatigue was observed 
with metal surfaces in a highly exliausted v<‘ssel. 'hhe plates 
were polished with emery and oil. Aluminium proved an 
exception to the other metals examined, as no fatigue iould 
be detected in this castu The fatigue was specially marked 
with a silver electrode, f Intt l<*ss jiromiiient with pl.itiuum 
and copper. There tippeared to bt; an alteration in the surface 
of these electrodes, as a peculiar veil was seen, from whis h it 
was concluded that tlu; stnluee had lM*en corroded by the 
action of the ultra-violet light. KUrtrolytically tleptisited 
.surfaces of gold and nickel showetl strong fatigue. 

Several investigators have examimal the iH’haviour of the 
alkali metals, either in hydn»gen at a low pn-shure or in a 
good vacuum. Elster and (leitel f have used their potassium 
and sodium cells for pbotomt!tric- dettirminations, a proceeding 
which would have been impossilde had not the activity Ix-en 
independent of previous illumination. Harms § lias employed 
a rubidium cell in a similar way. If. v. St hweidler.j’ who 

* E. Ladeaburg, Ann, d. Phys$k, pp. 56H -570, 1*1*13. 

I It is curious that Alleu fcniml no futigiiu with a pliite lif fMirc? wliffi 
tested in a closed vessel in air or in hydrtjgen at iitnttiii|i|irrlr prim’iiirp. 

I Elster and Geitel, Wind, Ann. d, Phy$ik, 48 , p/fy/. 

§ Harms, Phy$. Zeii,, 7 , p. 496. 

II E. V. Schweidler, Phys, Zmt, 4 , p* 136, ipaa. 
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carried out a series of experiments with a potassium cell, 
using an Auer burner as the source of light, states that 
no fatigue effects were observed after passing a photo- 
electric current through the ceU for several hours. The 
passage of a glow discharge under a potential difference 
of 350 volts did, however, produce a diminution of photo- 
electric activity, possibly by changing the gas pressure in the 
cell, possibly by producing an alteration of the surface of the 
metal.* 

Experiments to test the existence of fatigue in the case 
of the alkali metals have been carried out by K. Bergwitz.f 
The metals examined were potassium, sodium, and rubidium 
in glass vessels containing hydrogen at a pressure of 0.33 mm. 
No fatigue was observed when the metals were exposed to 
the hght of a Nemst lamp or of an arc lamp at a distance of 
I metre, the heat rays being removed by filtering the light 
through cold water. The same result was obtained with the 
liquid alloy of potassium and sodium, whose surface can be 
renewed in a vacuum. 

Slow photo-electric fatigue has been observed in the case 
of the al k ali metals by H. Dember.| Two cells were prepared 
containing sodium in an atmosphere of carefully purified hydro- 
gen. The first cell showed a diminution in activity of 7.6 
per cent, after 30 days, and of 25.7 per cent, after 87 days. 
• The second cell showed a diminution in activity of only it.6 
per cent, after 87 days. In these experiments the cells were 
only exposed to light when the test was made. An exposure 
of 1 1 hours to the light of a quartz mercury vapour lamp 
caused no measurable fatigue. This result was also obtained 
with NaK alloy in a cell provided with a quartz window. 
These results are taken as confirming the conclusions of 
Hallwachs that light is not the active agent, and that oxida- 
tion and corrosion are not responsible for the fatigue. The 
presence of ozone is here out of the question, but the fatigue 

* Compare a similar observation by Elster and Geitel, Wied. Ann., 52 , 
p. 439, 1894. 

f Bergwitz, Phys. Zeitschf., 8, p. 373 » 

I Dember, Phys. Zeitsohr., 9 , pp. 180-190, 1908. 
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may be due to absorption of the hydrogen. The fatigue might 
then be attributed to an alteration in the gas iirc'ssure, 
since there is a critical prc'ssure for which the cairrent is a 
maximum. 

In their experiments on the influence of ternj)erature ujiou 
photo-electric effects in a high vacuum, Millikan and Win- 
chester * found no evidence of fatigue effects in the case of 
either aluminium or silver. After 16 minutes’ continuous 
exposure to ultra-violet light, the rate of discharge was prac- 
tically unaltered. They comdude that “ clean unpolish<*d 
metals exhibit in a vacuum, under the influenci* of a given 
source, perfectly definite and constant discharge rates.” 
They note, however, that if a }iarticular disk f were illu- 
minated continuously for three or four minutes, and a ri'ading 
taken immediately thereafter, or if a large number of readings 
were taken in rapid .succession, the results iH'came irregular. 
This is attributed to a charging of the innvr wall of the glas.s 
tube, because of the passage of some of the discharged electrons 
through the meshes of the wire gauze used to prevent electro- 
static disturbances. 

Attention must be drawn to the fact that the metals for 
these experiments were all polished on a wheel with dry t'lnery, 
then washed in alcohol and dried by heating to 4(K)" C. during 
exhaustion of the bulb. I he vacuum was prodiu'ed by a 
mercury pump of .special design, and a McLewl gauge regis- 
tered .00001 mm. of mercury or lc.ss.| 

Later experiments! were made upon silver, zinc, iron, 
nickel, and copper in a very high vacuum. In no case was 
any positive evidence of photo-electric fatigue obtaim*d. 

* Millikan and Winchestf'T, 14 , pp. !«a-ai 7 . 

t Silver, ii'on, gold, braHH, nickel, iiiagneHUim, iilwiiiiiitiiin, anti- 

mony, zinc, lead were the me tain einpliiyecl. 

^ t According to the experimentHcd F. H. Spinrs {PkU, 4g, p, jfi, 
it is useless to attempt to drive oil the remnante of air frtirn metal platia 
by merely heating them in n vacuum. " Kven in « high vacuum .,( ,mr« 
dry hydrogen at the minute prim^nre of mm. of mertairy, and after 

four washings m that gas, tlicre is still sufficient oxygen preHent to rom- 
plrtely oxidise the surface of an aluminium plate, if it only be brought to a 
sufficiently high temperature, 
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Continuous Rumination by a powerful arc produced an increase 
m the photo-electric current to a maximum value, which re- 
mained constant even under the most prolonged illumination. 
In other experiments in which mercury vapour was excluded 
from the tube the following values were obtained for the 
current before and after illumination of from ten to seventeen 
hours duration : 



The initial velocities were also increased by the illumination. 

Interesting results have been obtained with regard to the 
fatigue of zinc and aluminium by J. Robinson.f The electrodes 
were polished by rubbing with steel, and inserted in a glass 
vessel which was pumped out to a high vacuum as quickly 
as possible. The experiments extended over some weeks, 
during which time the vacuum was constantly maintained. 
The plates were tested both by measuring the rate at which 
they charged up positively and by measuring the photo-electric 
current. Both metals showed fatigue after exposure to ultra- 
violet light ; by keeping the plates in darkness the original 
activity was regained after a few minutes. The important 
result was found that if the metal is kept at a positive potential 
so as to prevent the emission of electrons, no fatigue took 
place ; the metal is fatigued only when it gives off electrons. 
Robinson explains this by supposing that the electrons starting 
from some depth below the surface bring molecules of occluded 

* Millikan and Wright, Phys. Rev., 34, p. 68, 1912. 
t J. Robinson, Phil. Mag., 23, pp. 255-261, 1912. 

M 
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gas to the surface. The surface film of gas hinclers the (‘mis- 
sion of slow-moving eh'ctnms. When the plate is charged 
positively, there is no stream of electrons and no actunmlation 
of gas. Recovery is due to the diffusion of the gas away 
from the .surface of the metal. 

K. T. Compton* has investigated tiie effect (t[ plmtd- 
electric fatigue on the form of the velocity distribution curves. 
The metal plates were polished with t halk dust and afterwards 
tested in a vacuum. He believes that the shift of tlie turves 
with time (when the metal plates have ret cived no abnormal 
treatment, such as making them tln^ (‘let trodes for an inductioti- 
coil discharge) can be accounted for l)y the time changes in 
the contact difference of potential between the emitting and 
receiving plates. Commenting on these results, ilalhvaehsf 
points out that when the velocity distribution curves are 
properly corrected in the manner proposed fiy (‘oni{)tt>ti, the 
curves obtained after r, 7, 21. anti ji hours fall upon one 
another. Although the aluminium plate untler test is fafiguetl 
so as to show only one-third of its initial activity, yet tin* 
distribution of the initial energy amongst tlie elei trons remains 
the same; in other words, the initial velocities are imlcjM-mlent 
of the fatigue. 'I'his proves that altciafiims in dtiuble layt-rs 
cannot be, as suggested by benard, a primary c;uise of fatigue, 
for the effect of such doublt; layers woukl Ik* to give smaller 
initial velocities with tlw fatigiied plates. 

To sum up the results of these investigations is not easy, 
since many of the results are contradit ttuy. There is, how- 
ever, considerable evidence to show tfuit for the alkali metals 
there is no true fatigue. Many of tin? exjK-riments on thest* 
metals have been made nut in a high vacuum, but at a pressure 
somewhere near the eritieul isressure, and it is jjn»habie that 
the changes in activity actually observed are tt» be attrihufetl 
to changes in the pressure. In the case of the trther mefails 
examined, it seems probable that in the caisi* of a |K*rfect!y 
clean metal surface in a very high vacuum nc* fatigue woukl 
take place. The nearest approach to the realisation of such 

* K. T. Comptoji, Phil. Mag.. 28 , pp. <179 1914. 

t Hallwachs, Ditilsch, Phys. GewU. tVrA., 14, pp, f>jM #,44, tyia. 
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a surface is afforded by the method of distillation in a vacuum 
worked out by Hughes. To explain the fatigue observed by 
some investigators, we must take into account the mode of 
preparation of the surface, the difficulty of removing surface 
films or gas occluded in the metal, and the possibility of 
changes in the gas pressure. 



CHAPTER XIII 

FLUORESCENCE AND PH0SPH0KESCI':NCE 


An intimate relation exists btitween plioto-electrioity— that is, 
the separation of electrons under the influence of light— and 
the emission of light in fluorescence and phosphon'scence. 
Although considerable progress h:is been made in the develop- 
ment of the theory of such emission in terms of tlu; electron 
hypothesis, much work remains to be done before all the 
steps of the process arc fully understood. In the present 
chapter we propose to indicate the bearing of the facts of 
photo-electricity already recounted on our conception of 
fluorescent and phosphorescent plienomenu. 

The term luminescence, projrosed by Wiedemann, is a con- 
venient one to include all c:ises in wliich there is an emissitm 
of light due to any stimulus other than heat. Different kinds 
of luminescence can bt; recogniscHl, and may be classified 
according to the nature of the stimulus. Thus we may dis- 
tinguish between electro-luminescence, due to such agencies as 
kathode rays, Rontgen rays, Bectiuerel rays, or canal rays ; 
tribo-luminescence, due to friction or crushing ; chemi-lumi- 
nescence, due to chemical action ; and photo-luminescence, due 
to the action of light. 

In the various cases included under the Iieading eks'tro- 
luminesccncc we can see at once that the excitation must lie 
closely connected with the displacement or wiparation of 
electrons from the atoms of the substance. In tribo-lmni- 
nescence again, if we bear in mind the facts of frictional 
electricity, we see that such displacement or separation of 
electrons must take place. In chemi-luminescence we may 
attribute the action to the rupture of a chemical bond (dis- 
placement of a valency electron). So, when we come to 
consider the cases included under photo-luminescence, it is 

iSo 
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natural to suppose that the separation, either partial or com- 
plete, of electrons from the atom is an important stage in the 
process by which the emission of light is brought about. This 
is, briefly, the view of photo-luminescence which it will be our 
object to develop. 

Luminescence which is observed during the time the 
stimulus acts is called fluorescence, but when the luminescence 
continues after the cessation of the stimulus it is called phos- 
phorescence. It is scarcely possible to draw a hard-and-fast 
line between the two cases. Speaking generally, we may say 
that liquids and vapours may be fluorescent, but are not 
found to be phosphorescent, while all solids which show 
luminescence are phosphorescent. Without entering into a 
detailed description of the phenomena,* we may first briefly 
summarise the principal experimental results. 

Probably the first recorded observation of fluorescence is 
that described in the fifth volume of the works of Boyle ; 
" If you make an infusion of Lignum Nephriticum in spring 
water, it will appear of a deep colour like that of oranges 
when you place the vial between the window and your eye, 
and of a fine deep blue when you look on it with your eye 
placed between it and the window.” Lignum nephriticum is 
the wood of a small Mexican tree or shrub. Sir David 
Brewster f observed the blood-red fluorescence produced by 
passing a beam of sunlight into an alcoholic solution of chloro- 
phyll, and Sir John Herschel J noticed the “ beautiful celestial 
blue colour ” shown by a solution of quinine “ under certain 
incidences of the light.” He remarked that the incident light 
lost the power of producing this effect after passing through 
a small thickness of the. solution. 

Sir George Stokes, who suggested the term fluorescence, 
made the first important investigation of these phenomena 
and introduced new methods of experimenting. By moving 
the substance under examination through the spectrum, he 

• For such a description the reader may be referred to Kayser, Handbuch 

dsf Specif os copie, 4 , 1908. 

•f Brewster, Trans. Roy. Soc. Edin., part 2, p. 3, 1846. 

X Herscliel, Phil. Trans., p. 143, 1845. 
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found that the ultra-violot rays were in niuiiy cases specially 
active in causing luininescence. In the cas»- df the solution 
of sulphate of {phnine " it was certainly a curious sight to see 
the tube instantaneously lighted up when plunged into the 
invisible rays ; it was literally darkness visihie." By using 
Newton’s method of crossiai prisms he was al)le to compare 
the refrangibility of the incident light with that of the light 
emitted, and he enunciated the law that the wave-l<mgth of 
the fluorescent radiation is always longer than that of the 
radiation which <'xcites the fluorescem e. This law was called 
in question by I.ommel. Invest igatitnis by a mimber of 
physicists liave shown that as thus stati'd it is not universally 
true, and recpiires modificati«>n if it is to im liule all the cases 
observed. The law of Stokes has lH*<‘n (|ua!ifietl by Nichols * 
in the following way : " lanninesceiue is due to an absorption 
band. The absorption band and the luminescence sju-ctrum 
overlap, and all waves inclndeti in the absorptitm band can 
produce excitation. ... In luminescent InHlies the maxiimnn 
of intensity for a given substance is fixed as to wave-length 
and is indepeiuh'iit of the intensity of e.xcitaficm and of the 
character of the stimulus." 

Fluorescence is shown by many organic licpiids and by 
many solutions of organic salts, In the latter c.ise tin; ex- 
tremely small cpiantify of substance required is sometimes very 
remarkable. I'he amount of Ihiorescein t»r eosin in solution 
in optically transpanart water when the fluorescence becomes 
invisible in daylight is m ‘ gm. ju-r e.c-,, and is only lo gm. 
per c.c. when the fliiorescenee is just visible at the ajK'X of a 
concentrated beam from an are lamp.f All aromatir com- 
pounds are said to llimresee to sonu; extent, 'flu; diffiTent 
nuclei (benzene, naphthalene. 8cc.) vary in their powiT of 
producing fluorescence. Some groups or " chromojihores " 
( — NH^, —OH, — COOM) increast; the flutuescence, otliers 
(-NO 2 , -Cl, -Hr, cyij.CO-. t Hs.CO-) diminisli it.| 

Phosphorescence — lunrinesecnce whit h c ontinues for a ccr- 

♦ Nichols and M&rviit, Mmh, li, p. 4 mh 

f W. Spring, BulL Moy, pp. 

i Franceicoai and Bargellmi, 4 €C 4 d, Linmi, /I Hi, 1% pp, 1 14-191 » 
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tain period after the stimulus has ceased to act^ — ^is found in 
a large number of solids. It is supposed to occur only in a 
solid solution. Pure bodies are commonly regarded as in- 
capable of showing phosphorescence, though, as in the phos- 
phorescent preparations made by H. Jackson,* * * § the amount 
of impurity may be far too small to be detected by the ordinary 
methods of chemical analysis, f In a binary system the 
brightness and position in the spectrum of a phosphorescent 
band depend on the relative proportions of the two sub- 
stances, the greatest effect corresponding to a relatively <^Tna11 
proportion of the substances producing phosphorescence. 
The sulphides of calcium, strontium, and barium are note- 
worthy amongst phosphorescent substances, Balmain’s lumi- 
nous paint being composed of these sulphides. Dewar % found 
that many bodies which show only feeble traces of phos- 
phorescence at ordinary temperatures show a very marked 
effect at the temperature of liquid air. When the duration 
of the phosphorescence is short it may be measured by means 
of the phosphoroscope of Becquerel or that of Lenard. 

The spectrum of the fluorescent or phosphorescent light 
has been examined by very many observers. In general a 
banded spectrum is obtained, each band showing a maximum 
of intensity at a definite point in the spectrum. According 
to Lenard the bands of phosphorescence are of a very com- 
plex structure, w;hich suggests that we have really to deal 
with a number of overlapping bands. 

Very remarkable results have been obtained by R. W. 
Wood§ from a study of the fluorescence of the vapour of 
sodium and of other substances. In such cases a line spec- 
trum of a complicated character is observed. There appear 
to be groups of lines in the spectrum of the fluorescent hght, 
which can only be excited by radiation of a definite wave- 
length. An independent examination of mercury vapour by 

* H. Jackson, Phil. Mag., 48 , p. 402, 1898. 

t L. Bmningliaus, Annal. Chim. Phys., 20 , pp. Si 9 --S 4 ^>, 21 , pp. 210-283, 
1910. 

X Dewar, Proc. Roy. Inst., 14 , p. 665, 1895. 

§ R. W. Wood, Phil. Mag., 10 , p. 251, 1905 ; Phys. ZeiL, 10 , pp, 425. 466, 
1909 ; Physical Optics, chapter XX, 1911. 
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W. Stcubing * showed that the ubsorjdion of light by the 
ultra-violet bands of short wav<*-leugth resiilteil in the einissioii 
of fluorescent light by the series lines X aiul X 

At extremely low tenijn-ratures the sjun timin of phos- 
phorescent light consists of very tim; lines insteiul of broad 
bands. The uranyl suits show lumineseenee >.}H‘i-tra which 
at ordinary temperatures consist of a group of M'ver.il bands, 
whose arrangement suggests the bandetl speitra of gases. 
These have been examined at low teinperaturi-s by H. and J. 
Bccquerel and Onnes. If a curve is plotted showing the 
relation of the intensity to the wave-length of the light, not 
only each component band, but the envelope of tlie grouj) of 
bands, is found to be of tlie same tyiu* as the lairve of dis- 
tribution of energy in ordinary llmueseeru e hands, b'urther, 
these curves resemble, though witli very different st ales <!f 
wave-length, the energy curve of the temjHTalure radiation 
of a black body. 


Theories of Fujokescknck ani> Pi!osMH)K!:st KN< k 

All attempts to formulate a tlieory td llutut'scence or 
phosplioresccnre must In- based on the work of Stokes, who 
first clearly recognised that in fluorescence there was a trans- 
formation of the incident radiation inttJ radiation «if a different 
rcfrangibility. In his lectures On Light (p. 150) lie writes : 
“The view which I have all along maintained is that the 
incident vibrations caused an agitation among tin* ultimate 
molecules of the iHidy, and tliat these acted as centrt's of 
disturbance to the surrounding ether, the distnrhame lasting 
for a time, which, whether it was long enough to he rendered 
sensible in observation or not. was at any r.ite very hing 
compared with the time of a single luminous vibration." 

A satisfactory theory of iihoto-lnminescenee must dis- 
tinguish between absorbing media which exhibit lumineseenee 
and those which do not ; st;contlly, it must give an ex{>lana- 
tion of the law of Stokes ; and thirdly, it must account for 
phosphorescence in solid substances with its jiet uliar tem- 


* W. Steubiag, Pkys. Z«U„ JO, p. 787. 1909. 
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perature relations. These requirements cannot be met by a 
theory of simple resonance. 

The most serious attempt to explain fluorescence as a 
resonance phenomenon was that made by Lommel.* He 
assumed that the atoms of the illuminated substance which 
were set in vibration by the incident hght were subject to 
damping through friction proportional to their velocity, and 
were under the action of a restoring force proportional to the 
square of their displacement. In consequence the free and 
forced vibrations must be accompanied by the overtones.f 
Absorption of energy may take place through resonance, 
either in the case of the fundamental vibration or in the case 
of an overtone. The vibrations set up by resonance imme- 
diately give rise to the emission of fluorescent light. Now, in 
order than the kinetic energy of a vibrating system should be 
a maximum through resonance, the frequency of the impressed 
force must be equal to that natural to the system if friction 
were absent (Eigenfrequenz) — ^that is, it must be greater than 
that natural to the system with friction.j; Thus, if we suppose 
that the fluorescent light is emitted by the system when 
vibrating with its natural period, we see that the frequency 
of the exciting light is greater than that of the fluorescent light. 
This is the law of Stokes. The theory, however, would point 
to all absorption being accompanied by fluorescence, and the 
damping coefficients required are not in harmony with experi- 
ment. It is now generally agreed that the difiiculties to be 
faced by such a theory are insuperable, both from the theo- 
retical and from the experimental side. 

The difficulties met with in regard to Lommel’s theory 
prove that the supposition of resonance is not by itself suffi- 
cient to explain fluorescence ; it is therefore necessary to make 
further hypotheses to aid in the explanation. Wiedemann 
and Schmidt § introduced the hypothesis that the fluorescing 
molecule could exist in several conditions. Thus under 

* Kayser, Handbuch dev Spectroscopic, 4 , pp. 1078-1088, 1908. 

•f Rayleigh, Theory of Sound, 1 , pp. 7^-77 > i 894 - 

I Barton, Text-Book of Sound, chapter IV ; J. P. Dalton, Nature, 89 , 
p. 528, 1912. 

§ Wiedemann and Schmidt, Ann. der Physik, 56 , p. 246, 1895. 
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the infliienre <vf tiic ahsiirhrtl a traiiHft»rinaticin may 

take' pku'C' fnan a statr A to a staff li. I’iinarsi may 
(Haair vlihvr in tin* transfurmatitin fro!ii A to Ik <*r in 
tlie retninsfurmution fn»in H tu A. i'la* tr.iiistf»rrnatiiiii 
in ciu(‘sfi«ai may In* iitlui’ a flu-nui-a! * tiaiifa/ m flu* usual 
st‘^sc^ ur a fhangu within tiu* nu»lfi-uh% or an naii^'Hition \vliii1i 
may nstilt in an aclifai lH*twt*rn flu* iMii^ ainl tlir siirrmiricliiig 
mnelium. KK}a'i*sst'ci in this wav tin* tlifoiy is vrrv lU’nrral 
in t’haratiia', an<l will la* funml ft) intlmit* inaiiv suggrstiiiiis 
put furwanl liy (>tlu*rs (Kautimann, Halv* Ilruilt, Arntslrong). 
It has btaai snpjK»rtfcl l>y Kit'huls aiul wfiu lioltl lliat 

cxt'itatiun pnalutas I'lrrlrulytir ilis-Miiiatinu of tlir aitivu 
substamaa and that tin* rrsulting tunnni’ssrni. arisrs frutii 
vibratiuns set up in thn jmn-ussfs of dissuiialion tir *isstH tatiuii 
uf tlu* itms. 

Tlu^ tlumry uf Vtiigl pmsunts suim^ points of r«*MinbIani'r tu 
that of Wiedemann and ScinnitlL lie su{.^jMrs.rs Ihal the 
molecules of a fluoresiamt iKnly resemble to a t rilain extent 
the molecules of a partially disscHaated gas, in that they can 
exist in two or more different eunditit»iis« iltlfeiing in Ifieir 
(*lertnm eonhguration. Taking two toiulilimis. A and fl* 
it is assununi that in tuiit time tfje ih.mge from A to H takes 
plact* as ofti’U a,s tlu* rbange from H to A. 1 lie peiiod eorrc' 
sponding to A is that etar'esptauiing to li is 1*^. If light 
of pt^riud ‘\\ is intmienl* A is set in viliratioii with that peiitttL 
But A sudilenly rlianges io B. Free vihraiioiis of this system 
then takt‘ plan* with peritnl ami tliese vihralimis *ire siije- 
posed to bi* clamjHHl, Voigt assumes that the stale with the 
longer period B i‘X|:H*rienees very iiuuli smailer daimiiiig 
than A. In this caise tlie ahsorptioii of II will {ii* siiialt eoiii- 
pared with that of A, and. on ttie otlier liaiid* tti«* eiiiissicni of 
A will lie small compared with tliat tif Ik In this way lie 
avoids the difliciilties of ha,ving to deal with Iwii alMtir|ititiii 
bands and two Huorescc*nce bands. 

As Kayser has pointed mit* all tliesi* tlienrirs rest tin flit* 
same su|)position that on excitation ;.i stabk* form is rliaiiged 
by tlic reception of energy into a hiBile foriii. Hie retriins- 

♦ Niclit)ls ttiKl Merrit. PhyM, Sf^ pp, jo/ 
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formation into the stable form takes place with an emission 
of energy in the form of light, but against a resistance whose 
magnitude is a function of the temperature. The various 
theories differ only in that they assume a transformation into 
isomeric mod i fications or other molecular complexes, or into 
ions, or finally into ions or electrons, and in that they regard 
the resistance as mechanical or electrical in nature. From 
the standpoint of this book we are concerned with the ex- 
pression of these theories in terms of electrical actions. 

Further progress in the study of luminescence is closely 
associated with the development of our knowledge of the 
genercd problem of the emission of radiation, and the descrip- 
tion of the processes of such emission in terms of the electron 
theory. 

According to the view developed by J. J. Thomson,* 
luminosity in a vacuum tube discharge accompanies ionisation, 
and the ionisation may be due to the internal energy of the 
atom rising to such a value that the equilibrium becomes 
unstable and a kind of explosion occurs, resulting in an ex- 
pulsion of corpuscles. The passage from the dark to the 
luminous discharge takes place very abruptly, and this sug- 
gests that the luminosity sets in when that part of the internal 
energy of the atom which gives rise to the particular kind of 
light present attains a perfectly definite value. The critical 
amount of energy is dependent upon the character of the light 
emitted. 

Kowalski f has based on this a theory of luminescence. 
He considers that every phosphorescent body contains two 
distinct systems of electron groupings — “ electronogens ” and 
‘ ' iuminophores. ’ ’ The former expel electrons under the action 
of the stimulus. In fluorescence the latter shine out only 
while the electrons from the former are traversing them. 
Phosphorescent bodies gradually radiate out energy till the 
energy of the Iuminophores is reduced below the cntical value 
necessary for the production of light. 


* T. T. Thomson, Nature, 78, pp. 495-499. 1906 . ■ d r; a 

I Kowalski, Phil. Mag., 18, p. 622, 1907 ; Acad. Sci. Cracaute, Bull., 8, 

pp. 649-7^4» 
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This theory certainly contains elements of truth, but it 
does not afford such a clear description of the processes in- 
volved in luminescence as that which has been Kivt-n by 
Stark, or that given by Lenard for phosphorescence. These 
theories we proceed to ci>nsider in gnniter detail. 

Stakk's Tiikoky or Li’MiNi-;sri;NCK ■*' 

According to Stark's view there exists at the surface of 
the atom a limited mnnber of separable electrons which play 
the part of valency ek'ctrons th.it is, they s<-rve to bind 
together tlu' chemical atoms in a molecule by the idectrical 
forces exerted. A valency i-U'dron m.iy Im* completely sepa- 
rated from its atom and iH'come aftachetl to a second atom. 
The first atom in this way assumes a positive, tlu* second a 
negative churgi*, and we thus obtain a {lositive and a negative 
atomion. Stark supposes that hand sjn-ctra are characteristic 
of the valency electrons, so that the electromagnetic field of 
the valency electron may Ik* regarded as the elementary 
oscillator of the band spectra. Thus the larricr of a band 
spectrum is a single atom or a moU-nile composed of several 
atoms. The vilirations of the oscillator may 1«- excited by 
the recombination of positive atomioiis with negative elec- 
trons. The conseijucnci's deilui-ed from this hypothesis as 
to the currier of the band spei trurn are found to Ik- in gintd 
agreement with the results of observation. 

'Hie determination of the elementary oscillator in the case 
of the scries or tine sju'ctrum is a more diffuult problem. 
Stark supposes that tlu? carriers of the series sjHstra are 
positive atomions-- that is, single atoms whii li have lost one 
or more valency electrons. One consenucnce of this hyjKi- 
thesis must Iw that the series lines in the canal rays must 
show a Doppler effect. Although the int<'r|>retation of ob- 
servations on canal rays is renderetl iliflicnlt by tlie complex 
character which j. ,J. Thomson has show'n tliesi* rays to 
possess, Stark liolds that his hyjHithesis is snpjKirted by the 
experimental results. If the scries sjK'ctrum apjMsirs when 
an atom has lost a vahmey electron, tlie seat of the emission 

• J. stark, Primiptm der Alomdynamik, II, pp. sij 33 y. 1911. 
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and absorption is probably that portion of the atom from which 
the valency electron has been separated. Stark assumes that 
the atom contains positively charged entities which he calls 
archions, and he is thus led to regard the elementary oscillator 
of a series spectrum as that archion, or those archions, from 
which the valency electron has been removed. 

Seeing that no satisfactory explanation of the production 
of a fluorescent line spectrum has yet been given, it does not 
appear necessary to consider this part of Stark’s theory in 
greater detail. We pass on to the consideration of a lumi- 
nescent band spectrum, for in this case considerable progress 
has been made towards a complete explanation. Emission 
in band spectra is supposed to occur when valency electrons 
which have been partially or totally separated are restored 
to the atom. The process by which the separation has taken 
place is immaterial, so far as the character of the emission is 
concerned. But, according to Stark, the valency electrons 
may be identified with the photo-electric electrons, so that 
one process by which separation of valency electrons may be 
brought about is the photo-electric action of Hertz and Hall- 
wachs. Fluorescence or phosphorescence in band spectra is 
that emission of light which accompanies the restoration of 
valency electrons in this case. 

The difference between fluorescence and phosphorescence 
is not fundamental, it depends only on the time during which 
the separation of the electron continues. While in the case of 
fluorescence restoration follows immediately upon separation, 
in the case of phosphorescence a finite time elapses between 
the separation of a valency electron and its return, this interval 
of time differing for different electrons in the phosphorescent 
material. Though fluorescence is generally accompanied by 
the photo-electric effect, this is not essential, as the separation 
of the electron may be only partial. On the other hand, 
phosphorescence implies complete separation — ^that is, photo- 
electric emission. The duration of fluorescence is practically 
identical with the period of excitation on account of the small 
mass and correspondingly great reaction velocity of the 
electrons. 



igo 
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Stark and Stonbing * have stneiit'd a larj^a* nmnln'r of 
organic', c'om|)ouncls from the point (»f view of tiiis theory. 
In 'fable 1 of their paper they givir a list of j; benzc'tie deriva- 
tives (witlu)ut ehromoplutres) sljowing the eharaefer <»f the 
lliiorc'seenee and the plmto-eleetrie activity. Those which 
Ihioic'see are photo-elia'frically active', though in a few cases 
the {)]ioto-c'leetrie effect could not Ik* measured in conseijuence 
of the vapour given off from the volatile lit|uid. In general 
the photo-electric activity is greater the more intense the 
fluorcscencci. A c'ase of special intere.st is that of In'iizene 
itself, which was known to have sfntng absorption bands in 
the ultra-violet, and on examination was found to {jossess 
bands of fluorescence also in tlu' ultra-violet. f In Table III 
of the paper by Stark and Steubing similar results are rc!- 
corded for 17 benzenes .derivatives witii chromopluires. Tlu'se 
all show phcito-elcctric activity, l>ut the fluorescence is in some 
cases masked by tlu; presence of the chromojdiore. 'fhis 
occurs when the absorption sjHH trum of the chrotnophore coin- 
cides with the fluorescence spectrum of the* Ir'Iizc'iu; deriv:itive. 
Such a case of latent fluoresc-i'nce is found with ajithrmpnnone. 

The authors innnt out that (I. ('. Schmidt J failed to estab- 
lish a relation betwe<'n fluorescence and photo-elet trie activity 
in consecpience of the fact (bat many <»f the sid)stances were 
tested in solution and not in the pure state. Such tests do not 
prove that the. substance is photo-clei trically ina< tive, as the 
seiiafated electrons are caught by the molct'ules of the solvent 
and are less likely to esu'ape into the surrouniling space. The 
photo-electric effect Ix'comes latent. 

'ITk! theory of Stark aflortis an explanation of the fact that 
the fluorescent light from an anisotropic iHuly is unptilarised 
even when the exciting light is polarised, atui also of the fact 
that the wave-length of the fluorescent light differs from that 
of the exciting light. Minstein § has given am explunaition of 
the law of Stokes from the [joint of view of the unitary theory 
of light, which ajjplies for this theory. 

Stark and Steii!)i«g. Phys. Z0$iukr., 9 , pp, 4Hi-4«i5, 
t J. Stark, S, pp. 

I G, C. Schmidt, ,/Gi^i. d, i*hysik, 04 , pp. ;rti0-7J4, i%li. 

I I£initdn, Ann. d. Pkjfsik, 17 * p. 144, I9c,i5, 
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If the frequency of the exciting light, whose energy is ab- 
sorbed by the fluorescent substance, be i-., the elementary 
carriers of energy have the magnitude zhv,, or, taking ^ in 
general as unity, hv^. If this energy be imparted to the 
electron, the energy available for emission in the process of 
restoration cannot exceed hv^, but can only be diminished by 
division. Hence the relation between the frequency, ly, of 
the fluorescent light and that of the exciting light must be of 
the form hvf^hv^, so that Vf^v^, or Thus in general 

the wave-lenglh of the exciting light is smaller than that of 
the fluorescent light. The fact that the fluorescent spectrum 
in some cases shows a small intensity for wave-lengths smaller 
than can be explained either by supposing that several 
energy quanta are absorbed by a single electron, or that the 
energy absorbed can be increased by an addition from the 
thermal kinetic energy of the molecules. 

Stark divides the bands in the spectrum of a substance into 
two classes, which he calls short-wave and long-wave bands. 
In the former, both in absorption and in emission, the in- 
tensity diminishes in passing from shorter to longer wave- 
lengths ; in the latter, the intensity diminishes in passing in 
the opposite direction. He supposes that the short-wave and 
the long- wave bands of a valency electron are dynamically 
coupled together in such a way that the emission of light with 
the frequency of a short-wave band is necessarily accom- 
panied by a simultaneous emission of light with the frequency 
of the long-wave band. Both fluorescence and the photo- 
electric effect are intimately connected with those absorption 
bands which are shaded towards the red; when light is ab- 
sorbed in such a short-wave band it brings about fluorescence 
both in this and in the coupled long-wave band. On the other 
hand, the absorption of light in a long-wave band which is 
shaded towards the ultra-violet is accompanied neither by 
fluorescence nor by the photo-electric effect. 

From the point of view of the chemist, who is concerned 
with the relation between the constitution of the molecule 
and its power of fluorescing in a particular region of the 
spectrum, the practical problem reduces to the determination 
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of the relation between eheiriieal eemstitution and the ab- 
sorption spectrum. From the point of view of the jibysic-ist 
much work remains to be <lone in the investigation of the 
dynamics of the vibrations of the valency electrons. 


LiCNAKI/S TiIKOKY Ol- PhuS1‘1U)UHS( HNCK 

Experiments on tlu* phosphorescent alkaline earths led 
Lcnard and S;ieland * to connet t fh<‘ phosphorescence with 
the photo-electric activity of the material. Such substances 
are usually good instilators. and when they emit eh'ctrons 
under the influence of light, they actiuire a positive charge, 
which tends to neutralise the external fu'kl applied with a 
view to measuring the photo-eh'ctric current. This charge is 
not distributed over the whole surface exposi'd to the light, 
but is localised in particular regions. 'I his ( an be explained 
by a.ssuming that the phot(»-e!ectric effect is confined to certain 
molecular groups or '' centres." Under the influenct; of the 
light electrons are thrown off from the metal atoms of the 
centres, and those centres thus acepure a positive charge. The 
liberated electrons may be captured by the sulphur atoms, 
or they may h('. scattered ajnongst the surrouiiding atoms 
without becoming ;ittached. Tlie origin of the phosphor- 
escence is to be found in the recombination of the centres 
and the electrons, whenever that recombination takes place. 
To this extent Lenard’s theory resembles that of Stark, but 
Lenard distinguishtss betwi'cn the photo-electric electrons and 
the emi-ssion electrons. Ih; holds tliat when the former return 
to the atom, the latter are brought into a state of vibration, 
and consccpiently emit radiation. By this theory the tem- 
perature relations of phosphorescence can be accounted for.f 
and the law of Stok(!s cun lx; explained. 

We consider first the variation of phosphortscent'e with 
temperature. From tlu; study of the phospliorescent .sulphides 

* Lcmard and Sarlarul. Anfi. d, l*hy%ik, 28 , |ip. 471‘t 

t Nidicdn and Mttrriti. htm^wv, find ii lUfim plM*ri«iw?rifi 

than can be directly aectnmted fur by Limartrii iimh, SS, 

PP- 38“S3» I9n), 
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Lenard concludes that for each band in the spectrum of a 
body excited to phosphorescence there is a certain range of 
temperature within which it is phosphorescent, and above 
and below which no phosphorescence of long duration occurs, 
although fluorescence may be present both at higher and 
lower temperatures. Within the specified range electrons be- 
come attached to the sulphur atoms, but from time to time 
individual electrons escape and return to the centres where 
recombination, followed by luminescence, ensues. At very 
low temperatures, however, the sulphides of the alkahne earths 
are almost perfect insulators, consequently phosphorescence 
cannot ensue until the temperature is raised sufiiciently for 
the substance to acquire a certain electrical conductivity. 
Thus at the temperature of solid hydrogen all the bands of 
the alkaline earth sulphides are brought into the cold phase, 
and show no lasting phosphorescence, but only a momentary 
luminescence. 

The effect of an increase of temperature is held to be a 
shaking-up of the atoms, so that the frequency of collisions 
is increased and the return of the electrons is facilitated. The 
action of infra-red radiation is supposed by Lenard to be 
similar in character. Red and infra-red radiation set in 
motion the larger aggregates through resonance. These 
aggregates consist of sulphur atoms with the attached elec- 
trons ; their free period is large, so that they respond to long 
waves. The increase in the number of collisions brought 
about by a rise of temperature or the incidence of radiation 
of long wave-length augments the phosphorescence, and at 
the same time makes the decay of phosphorescence more 
rapid. Thus with an increase of temperature the luminescence 
assumes more nearly the character of fluorescence, and when 
the temperature is sufiiciently raised, no lasting phosphores- 
cence is observed. On the other hand, substances which only 
fluoresce at ordinary temperatures may be made to phos- 
phoresce by a considerable diminution of temperature. Thus 

* Lenard and Klatt, Ann. d. Physik, 15 , pp. 4 ^ 5 * 525, <^33, 1904 ,* Lenard, 
Kamerlingli Onnes and Pauli, Konink, Akad. Wetensch. Amsterdam, 12 , pp. 
157-174, 1909. 
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all alkaloids forming flnoresa-nt solutions Ix'comc phos- 
phorescent at low temperutnres. 

Lenard* explains tiic law of Stokes in the following way. 
When the photo-electric electron returns to the atom it is set 
in vibration with an amplitude that is at lirst large hut after- 
wards diminislics. Now it is grmerally fouml that the jH'riod 
of a vibration diminislu'S as the ainjditude ditninishes. The 
excitation of the emission electrons by resonance will only 
take place when the in-riod of vihratum of the photo-eh'ctron 
has become identical with that of the <‘mission electron. Thus 
the photo-electron can only bring alxmt emission when it has 
finally a smaller period of vibration in the atom than the 
emission electron. This imjilies that the wave-length of the 
exciting light, which brings alnmt the n-ksise of the {ihoto- 
electron, must lx: le.s.s than the wave-length of tin* phosphor- 
escent light. 

From observations on alxmt 50 phos{»horescent aggregates 
made by the addition of a trace of a metallic salt to a sulpliide 
of strontium, barium, or caleium, I.eiianl f was led to dis- 
tinguish between three different processes in the tleray of 
phosphorescence. One is a short or evanescent process 
(w-proccss, Momentanprozess) which olx-ys a logarithmic 
law of decay. This tem|Kirary efhat is ohs»Tved when the 
phosphorescent surface is exjxtsed only a short time, say a 
few seconds, to the sjKTtrum. The second is a more lasting 
process (i-process, Dauerpntzess), in whu h the intensity of 
the light varies inversely as (a + ht)*, where / is the titm- sima* 
excitation. This is obtained l>y an e.xjxisure of sever.d minutes 
to the exciting light. It is also well slutwn after e.xjHwire to 
slow kathode rays. Tht: tliird pnn«*ss is of medium duration, 
and is brought alxmt prineipally hy the acfi«m of ultra-vi<«!et 
rays («-process). Tlu* short-lived lurninescime ran lx; pro- 
duced independently of the longer-lived plmsjjhoresunce, not 
only by very brief exiitation, but al«i l)y using jxirtiojis of 
the ultra-violet which are incapable of exciting the f/-j>rocess, 
or by working at temjx'ratures above or Ixdow the range 
within which the latter prm-ess can occur. 

* Lenard, /Jhm, d, Physik, 81 , pp. 675-^77, lym, f Ibid,, p. M>n*. 
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The decay of phosphorescence can be represented in many 
cases by means of the formula 


I 


a 

atY 


where I denotes the intensity of the light, t the time, and a 
and c are constants. Lenar d's theory affords an explanation 
of this relation, which applies to the i-process, in the following 
way. On excitation the photo-electric electrons are supposed 
to be detached from the metal atoms and to become attached 
to the neighbouring sulphur atoms. We may imagine that the 
excitation of the phosphorescent substance has been brought 
about at a low temperature. If the temperature is raised, 
the electrons will be released from the sulphur atoms and 
return again to the metal atoms, and in so doing bring about 
luminescence. The intensity of the light will be proportional 
to the number of electrons returning in unit time, i.e. to 

where n is the number of electrons attached to the sulphur 


atoms or wanting in the metal atoms. The force attracting 
the oppositely charged particles (S atoms and metal atoms) 
will be proportional to Assuming that the action tending 
to restore electrons to the metal atoms is proportional to this 

force, we have so that n= — ^and I = , — r~zr2- 

' at c^at {c + aty 

The short-lived phosphorescence (w-process) obeys a dif- 
ferent law. In this case the separated electrons, instead of 
becoming attached to sulphur atoms, are distributed in the 
surrounding space like the molecules of a gas. The number 
of atoms returning in unit time to a metal atom will now be 
proportional to the number of collisions between electrons 

and metal atoms, i.e. to n. Thus therefore 


Such a relation has been found experimentally by E. 
Becquerel,* but a somewhat more complicated relation has 
been obtained in the experiments of Werner f — wiz. I =l„e~‘^ 


* E. Becquerel, La lumihvB, I, p. 273, 1867. 

I Werner, Ann. d. Physik, 24 , pp. 164-190, 1907. 
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where ni is a numlx-r varying in different eases Iwtween the 
values 0.2 and i. Lenard supjxist's that this is due tu tlic 
complications brought alxiut by the M-proeess, whieh is sujKsr- 
posed on tlu^ w«-process. 

A furtlHT study t»f I.enard’s phosphoreseent preparations 
has been carried out by Piiuli,* witli a view to examining the 
effect of the solvent (stilphide) on tin* phosphorescence. Hy 
modifying the dielectric constant it was found ptfssible to 
alter the position of the huninescent band at will, and I’uuli 
was successful in preparing mati-rial whi« h showed bands only 
in the ultra-violet, and otlna' material showing Ixintls only in 
the infra-red. The results obtained afford a striking eonftnna- 
tion of Lenard’s view* that the vibratitms set up in the jdros- 
phorcscent substance are analogmrs to those of an eleetric 
oscillator whose }x*riod dejx'nds vj|x>n indiu tunet- and <‘apacity, 
and that the wave-length of a band is et)nsecpjently projx»r- 
tional to the stjuare root of the dieleetrie constant of the 
medium. 

The case of phosphorescent zinc suljdnde. which Lenard 
classes among the phosphorescent alkaline earth sulphirles, 
has been cxa«niued by Ives ami lajckiesh.t They find that 
the zinc sulphide exhibits a flashing-up of luminosity when 
radiation of long wave-length is in*iitrnt upon it. I'he 
peculiarity of the effect in this castt is that it Innomes notice- 
able only after the tlei ay of jrhospljorescence has proceeded 
for some time. Tlx? authors atten>pt to dc!velo{> a theory of this 
effect based on the theory of Lenard. The initial rlirection of 
the decay-curve is ascrilH-tl to tin? mrattached electrons, winch 
bring about the rapid drop in luminosity in the early stage of 
the decay. The flushing-up is attributed to the stored-uj* 
electrons, which determine the shajre of the decay curve in 
its later stages. 

An interesting relation suggesting the jx)ssib!lity of a 
connection between phosphorescence and the ukethm photo- 
electric effect has l>een jHiintcd out by Pohi.| Lenard hnind 
that corresponding to an emission band oi a pliosphor of the 

* Pauli, ZiitMckr., Il» p. ^!, 
t Ives aud Luckitili, AMmphyumt 14, pp, i 73 '”f#L 

t PoW, ¥mhn !}m 4 is€k, Phf$^ Gmfiti,, tl, pp» ^11 
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alkali earths there were three separate bands which could 
produce excitation. It appears that the wave-lengths of 
these bands are inversely proportional to the square roots of 
the natural numbers 2, 3, and 4. Now, according to the 
formula of Lindemann (p. 149), the wave-length for the 
maximum selective photo-electric effect is inversely propor- 
tional to the square root of the valency. Thus there is a 
striking point of resemblance between the two sets of phe- 
nomena, but it would not be justifiable, without further 
investigation, to assume that phosphorescence is always 
associated with the selective rather than with the normal 
photo-electric effect. 

Thermo-luminescence 

The term thermo-luminescence is employed in speaking of 
substances in which an emission of light is produced by a rise 
of temperature, though this temperature is far below that 
required for the ordinary thermal emission. Certain varieties 
of fluor-spar (chlorophane) exhibit this phenomenon in a very 
marked degree. Such cases really belong to the class of phos- 
phorescent substances, as it is found that a preliminary ex- 
posure to light is necessary. E. Wiedemann * obtained the 
same effect by exposure to kathode rays. These phenomena 
may be compared with those recorded by Dewar, f in which 
substances exposed to light at the temperature of Hquid air 
show no phosphorescence until they are warmed. 

According to Lenard’s theory, the electrons liberated by 
photo-electric action must become attached to neighbouring 
molecules in a fairly stable fashion, so that they are unable 
to effect their return to the parent atom until the vibration 
of the molecules is sufficiently increased by a rise of tempera- 
ture. This explanation is supported by the observations of 
G. C. Schmidt, f who found that, in the case of solid solutions 
such as those examined by Wiedemann, thermo-luminescence 
and photo-electric sensitiveness were invariably associated if 
either of these properties were strongly marked. 

* E. Wiedemann, Wied, Ann. der Physih, 56 , p. 201, 1895. 

t Dewar, Chem. News, 70 , p. 252^ 1894. 

I G. C. Schmidt, Ann. der Physih, 64 , pp. 708-724, 1898. 
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PHOTO-CHEMICAL ACTIONS AND PHOTOOKAPHY 

It is well known tliut there are mimeroiis cases in which 
chemical changes are brought about by tin* action <if light. 
We may conveniently clivule siuh phottj-cheinical reactitms 
into three main classes.* To the first class may Im; assign«i 
the so-called photokatalylk reactions, in which light only 
accelerates an irreversible process. In such cases we cannot 
regard the energy of the liglit as being stored up in the trans- 
formed substance in the form of chemical energy. To the 
second class belong the true pht)to-chen»ical e<iuilihria. These 
are processes in which a new state of etpiilibriimt is set up 
under the action of light. This class is <-haracterised by the 
fact that the processes concerned are fully reversihh*^^ that is, 
the whole system returns in the tlark to its original conditiom 
The energy of the light is transformed ajid accuimdated in 
the form of chemical energy. To the tliird class In-Iong the 
so-callcd false chemical ecjuilihria, 'rhest; are at Ixittoin 
irreversible processes, which are coiniKJsed of two or nujre 
photokatalyiic reactions. 

As we have seen in previous chapters. J. Stark identifies 
the valency electrons, which play the part of chemical lamds, 
with the photo-electric electrons which can lie liberated hy 
the action of light. From this jKiint of view a photo-electric 
change and a photo-chemittui cliange may k; regarded as 
changes of the same character, consisting essentially in the 
displacement or separation of an electron through t!ie ab- 
sorption of energy from a light wave. Stark is thus led to 
distinguish between two kinds of photo-ihemiod action. In 
a primary or direct action the same valency electron which 

* Johannes Plotnikow, PkoiQ»ckmmi$, W. Kmtppt if to ; 

Akad* Verla|^«. Ldjp^ 1913* 
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has absorbed energy is itself released from its connection with 
a strange atom, whilst in a secondary or indirect action the 
electron which has absorbed the energy causes by colhsion 
the separation of a neighbouring valency electron from an 
atom. Thus in either case the action results in the dissocia- 
tion of a chemical bond. 

The laws governing photo-chemical changes have been 
studied by many scientific workers, both from the point of 
view of chemistry and from that of physics. The law of 
Grotthus * is found to apply in all cases— only such rays can 
act chemically on a substance as are absorbed by it. But 
it does not follow that each type of radiation absorbed must 
produce chemical action. In connection with primary photo- 
chemical reactions J. Stark f enunciates three laws. First, 
these reactions are unimolecular. Second, they are inde- 
pendent of the temperature, at any rate for hght of wave-length 
450 ^/t. Third, the amount of the product of reaction formed 
in unit time is proportional to the amount of the active light 
absorbed. This last law is that known as the law of Bunsen 
and Roscoe. It has been confirmed by the exact measure- 
ments of Wildermann.l 

From the point of view of modem physics we may regard 
it as practically certain that the first stage in any photo- 
chemical reaction consists in the separation, either partial or 
complete, of negative electrons under the influence of light. 
This view at once enables us to understand certain of the laws 
which are found to hold in photo-chemical reactions. It is 
obvious that absorption of light is necessary before any change 
can be brought about. When the light absorbed is able to 
effect the separation of electrons, then in unit time a definite 
number of molecules will lose electrons, the number being 
proportional to the intensity of the hght and to the surface 
illuminated, but being independent of temperature. Thus we 
regard the action of the light as similar in character to its 
action in producing the photo-electric discharge, but whereas 

* Luther, Z. W. P., Ill, 7 , p. 257, 190S ; Lehmann, Zeit. Phys. Chem., 64 , 
pp. 89-119, 1908. 

t J. Stark, Phys. Zeitschr., 9 , pp. 889-894, 1908. 

^ Wildermann, Phil. Trans. Roy. Soe., A, 199 , p. 337, 1902. 
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in the latter ease we have an emission oi electrons with definite 
velocity, in the former we snpjwse that the si'parated electrons 
(valency electrons) in general attach themselves to some other 
atom or group of atoms. This hypothesis servt's as a basis 
for the explanation of the laws of photo-chemical change.* 

Our knowledge of the structure of the atom and of the 
mechanism of these changes is n<»t yet sufficiently complete 
to enable us to form a jx^rfectly «-lear mental picture of the 
processes involved, but there can be no doubt that work on 
the lines indicated in the previems chapters will do much to 
enable us to construct a model for the elucidation <if such 
transformations. It may serve a useful purimse if we now 
refer to some of the most interesting photo-chemical chang(S, 
paying special attention to any facts that ajjixuir to Iks sug- 
gestive from our theoretical standjxtint. 

ITie most important chemical change brought ulxiut by 
light is that which occurs in the ease of the chlortjphyll of green 
leaves. Here there is a transf(»rmation of curlHin dioxide int<» 
sugars and starch, involving the absorption of a very large 
amount of energy ; in order ttt produce one gramme of starch 
from carbon dioxide and water, 4230 cak)ries of energy must 
be supplied. Acc'ording to the meusuremtmts of Hrown and 
Escombe f nearly 100 pcT cent, of tlu; light-energy absorkal 
is utilised, undt^r favo\irabk! conditions, in bringing abemt 
chemical change. I'lie tmique char;uter t»f the process is 
shown, not only in the largt; amount of t'uergy ubsorkal. but 
in the fact that the maximum plioto-cliemiral activity is in 
the red between the lines B and C, a j>art of the s^XH-trum 
which is usually without photo-chemical action. There is a 
secondary maximum in the casci of chlorophyll in the blue 

**• W. 1 ). Bancroft, Jmrtml af i*hv%kni Chr-mhtn\ It, |>|i, i«M| jiK 
4I7--447, 1908, hm dincusHcd plM*to«ohomic.al iir,ticin*i ^it Imgtli in a 
articles on the Eleciro-chemtHtry ijf IJght, imd luiii coiiir to tlw ii»fn Iti'iioii 
that the theory put forward by (;rotthu» acaninti ftir all the iti <4 liulst 
upon salts. According to thin thoory “ the action of & my ui light h 
to that of a voltaic coll/* that the chemical actt«»n of light h rwiitiallf 
electrolytic in nature. This concluiiitin In in excellrnt agri^niifuit with tlii^ 
view here put forward, if the electmlytic diwioctatkm m rcgurdnl iw nfiiivtlntb 
at least in its fint stage, to the ieparation of negative rirctrimi wmtor fl«t 
influence of light. 

t Brown and Escombe, Pnw. my. Sm., B. Iff, pp. 1 1, 
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near F, and a minimuni in the green corresponding with 
maximum transmission. 

A theory of the mode of action of chlorophyll has been 
put forward by Harvey Gibson.* According to this theory 
the light rays absorbed by chlorophyll are transformed by it 
into electric energy, and this transformed energy then brings 
about the decomposition of carbonic acid {H2CO3) in the cell, 
with the concomitant formation of an aldehyde and the 
evolution of oxygen. From the aldehyde are derived the 
sugars and starch of the plant. The theory thus stated falls 
into two parts ; first, a somewhat vague statement as to the 
transformation of light energy into electric energy ; and 
second, a suggested chemical change. With the second process 
we are not here primarily concerned, but with regard to the 
first we may point out that an acceptance of the electro- 
magnetic theory of light necessarily implies a transformation 
of the energy of the electromagnetic waves into the energy 
of electrified particles when absorption of light takes place. 
WTiether the energy in this case consists in the energy of 
emitted electrons or in the energy associated with the rupture 
of a chemical bond (valency electron) we are not in a position 
to decide. In this connection it is, however, interesting to 
note that chlorophyll in alcoholic solution shows strong 
fluorescence of a blood-red colour. The fluorescence appears 
only in the solution and never in the chloroplasts. 

A large amount of experimental work on photo-chemical 
transformations in carbon compounds has been carried out 
recently by Professors Ciamician f and Silber at Bologna. 

The chemical changes brought about by light in carbon 
compounds may be assigned to various classes, but the greatest 
number of such changes may be classed under the heading of 
the reciprocal oxidation and reduction of two substances, one 
of which is oxidised at the expense of the other. 

One of the most remarkable transformations is the change 

* Harvey Gibson, Annals of Botany, 22 , pp. 1 17-120, 1908. 

t Ciamician and Silber, '*Les Actions chimiques de la Lumi^re,” Bull. 
Soc. Chim., 6 June, 1908, an address before the Chemical Society of Paris. 
^‘Tlie Chemical Action of Light on Organic Compounds,” by W. A. Davis. 
Science Prof;res$, 7 , 26, pp. 251-279, 1912. 
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from o-nitrobenzaldehyde into o-nitrosobenzoic acid. The 
change, unlike most other photo-chemical changes in carbon 
compounds, takes place very rapidly, being more nearly com- 
parable in this respect with ordinary photographic processes. 
It is a noteworthy fact that the transformation takes place 
even in the solid state ; in solution it is so rapid that, in a 
few hours, the tube is full of cr3«^tals of the nitroso acid. 

The polymerisation of unsaturated compounds under the 
influence of light attracted attention at an early date. Thus 
acetylene is transformed into benzene. 

A case qf particular interest is the change from anthracene * 
to dianthracene. This change, which is brought about by the 
action of light, is a reversible one, for in the dark anthracene 
is reformed. This is said to be the only known instance of a 
reversible photo-chemical reaction in a homogeneous system.- 
It has been studied by Luther and Weigert,f who find it to 
obey the law of a unimolecular reaction. 

Anthracene crystallises in the form of laminse, or 

monoclinic plates, which are fluorescent. It melts at 213° C., 
and boils above 360° C. Its chemical structure may be repre- 
sented as follows ; 


H 


C 


H 


H 


H- 


i 


Y 


■V 


H— C C 

1 

yVV 

i A A 


-H 
— H 


The change from one stereoisomeric form into another 
under the influence of light is frequently observed in the case 
of compounds containing an ethenoid linkage. In many 
instances ultra-violet rays produce changes which are the 
converse of those brought about by ordinary light. 

* See Chapter VI, p. B2. 

t Luther and Weigert, Z$ii, phy$ih. 51, pp. 397-328, 1904 ; 5S, 

pp. 385-427. 1905. 
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Ihe influence of light on isomeric change has been studied 
re<'ently by T. M. Lowry and H. R. Courtman.* The solution 
under examination was protected ,feom purely thermal influ- 
ences by a water-jacket and expoS^ te the dazzling radiation 
of a mercury vapour lamp at a disf^^of about 5 cm. No 
ac'celei'ation of the isomeric change wJ^^r^erved in the case 
of tlu! three sugars dextrose, galactose, aicf^ltose, or in the 
ease of nitro-cumphor or of hyj^ymethyl^^^amphor. In 
the case of aminomcthylene camj^, ■<^ere‘Mr;^;snarked ac- 
celenition, which ceases when the ^^jalu^^re^^^id. Ben- 
zoyl camphor also undergoes isome^Jch^^nf^^pidly 
when exposed to light, but in this case flie accel^liojM^ists 
wlum the light is extinguished. This is p,roba^^^e 
lilxjration of benzoic acid, which acts 
• in promoting isomeric change. 

Certain so-called “ photo-tropic ” 
colour when exposed to sunlight, but regain thenfeftri giA^l 
colour in darkness. Probably a structural chan^^off^:,:^ 
character similar to that of the cases just referred to is here 
involved. With some substances it is the more refrangible 
light that brings about the change of colour, while the inverse 
change is accelerated by the yellow and red rays. 

An interesting case of chemical change brought about by 
light is the transformation of oxygen into ozone by ultra- 
violet rays. Lcnard f has shown that the ozonising action 
is diu‘ to light of extremely short wave-length, less than 200 fi/n. 
Regener f proved that there is also a deozonising action for 
wavelengths between 300 [Xfi (absorption by glass) and 
185 (ifi (absorption by quartz). This is in agreement with the 
fact that ozone shows a strong maximum absorption for light 
of wave-length 257 fiii. Dewar § has demonstrated the 
formation of ozone when light falls on liquid oxygen by means 
of the iodine starch paper test. 

Ultra-violet light decomposes water with the formation 
of hydrogen peroxide, in accordance with the equation 

• Lowry and Courtman, Journ. Chem. Soc., 108, pp. 1214-1221, June, 1913. 

t I.onard, Ann. der Physih, 1. p. 486, 1900. 

X Regener, Ann. dur Physih, 20, pp. 1033-1046, 1906. 

I Dewar, Engineering, 89, pp. 116-117, 1910. 
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2H2O =H202 + This was proved by Kernbaum who found 
a similar effect due to the /1-niys of radiuni. It apiHiars from 
the experiments of Xian f that light can alst) bring about tht; 
decomposition of hydrogen peroxide in dilute solution, thus ; 
H202=H20+0; 20—02. At the end of a sufficient time 
the gases set free by the action of ultra-violet light upon 
water are identical with those that would be obtained by 
electrolysis. 

When a solution of rhombic sulpluir in carbon bisulphide 
is exposed to light, amorphous insoluble sulphur is {)recipitated. 
In the dark the precipitate redissolves, so that tlu; action is 
a reversible one.J W. D. Bancroft has jxnnted out that in 
such reversible photo-chemical prcjcesses the phase rule may 
be applied, regarding light as an additional variable. Me finds 
good agreement between exjjeriment and theory in the cast? of 
the precipitation of sulphur. 

We may note incidentally an interesting photo-chemical 
method of detecting ultra-violet rays which has been described 
by C. Schall.§ A .sheet of paper is floated on a solution of 
I part by weight of />-phcnylene diamine in 14 parts of water 
and 4 parts of a 40 ^icr cent, solution of nitric acid. 'Hh* 
paper is dried by heating and used at once. Diffused day- 
light only produces a pale-grey tint, but an instant’s cxptjsure 
to the ultra-violet rays from a tjuartz mercury lamp produces 
a blue coloration. 

The so-called '* Destructive " Action of Radiation 

Goldstein |1 discovered that certain salts, esjrecially tlie 
alkaline haloids, become coloured iifter cx[x)sure to kathixia 
rays ; at the same time their phosphorescence diminishes. The 
colours so produced disappear in time, slowly in darkness, 
when several months may be required, but rapidly in day- 
light. A rise in temperature hastens this disapjiearance, for 

* Kernbaum, C. H., 148 , pp. ;iis /tA 0^(19; 140 , pp. no n;. .7) j??, 
1909. ^ 

t Tian,C. It, 161 , pp. iCHtt-UHJ, 1910; 150 , pp. mu 1(04, p. it«A 190. 

t Itankin, Journ. Phys, Chem., 11, pp, i -8, igci?, 

§ C. Schall, Photograph. WochmbtaU, p. 33, 1907, 

II Goldstein, IFierf. Ann. der Physih, 64 , p. 370 1895 ; 86, p. 491. 
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which a few minutes may then be sufficient. Elster and 
Geitel* found that the salts thus modified possess con- 
siderable photo-electric activity. This property diminishes 
gradually, and disappears at the same time as the coloration. 
Certain glasses behave in the same way as these salts, and 
acquire the photo-electric property under the action of the 
kathode rays. The coloration produced in salts by the rays 
from radio-active substances has frequently been noticed. 
The coloured substances show photo-electric activity, f 

In the cases referred to above, light aids in destroying the 
colour. On the other hand, it has been found that ultra- 
violet light produces a violet coloration in glasses containing 
manganese. J 

If, as is probable, the modified substances owe their colour 
to traces of free metal, it is easy to understand their photo- 
electric activity. The kathode rays and the ultra-violet light 
here show a reducing action, while ordinary daylight appears 
to effect a change of opposite character. 

The destruction by one radiation of the chemical effect 
due to another is a very general occurrence. Thus Wollaston § 
found that pale-yellow guaiacum acquires a green colour on 
exposure to liglit, but observed that “ the two extremities of 
the spectrum are not only different, but opposite in their 
chemical effects.” Ritter H of Jena showed that chloride of 
silver was blackened by ultra-violet rays, and the effect was re- 
versed by the invisible rays beyond the red. Again, the yellow 
platinoc-yanide of barium is coloured brown by exposure to 
Riintgen radiation, but the colour is restored by light, par- 
ticularly green, yellow, and red light. A photographic dry 
plate shows a somewhat similar reversal IT with regard to the 
action of Rontgen radiation and light. 

The destructive action of the red rays of the spectrum on 

* Klntur and Geitel, Wied. Ann. der Physih, 59, p. 487 , 1896 . 

I iiiid (Jreitel, Phys, ZHischv.t 4, pp. 

} h\ Fischar, Phys. ZeUschr., 6, pp. 216-217, 1905. 

I Widliwtcm, Phil. Trans., 92 , pp. 36S-3B0, 1802 ; Nicholson's Journal, 8. 

pp. 393-39;, X 804. 

if Ritter, Nicholson's Journal, 8 , pp. 214-216, 1804. 

IF Villard, Soo. Franc. Phys. Bull., pp. S-*7. 1907 : Journal de Phystque. 
6,pp. 3%-379. 445--457. m>7- 
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the photographic image was noticed as long ago as 1843 by 
J. Hcrschcll. Rolx'rt Hunt in his Remmhes on {1H54) 

describes the following experiment in illustration of this effect : 
“ By means of two prisms, two sjH'ctra are formed, eacli of 
which produces upon chloride of silver a chemii-al ehatige from 
the green ray to some distance Ix-yond the visible violet. 
Each spectrum is now so arranged that the inaetiv** yellow 
and orange rays of the tme- are thrown upon the most active 
blue and violet rays of the other. Tlie n'sult is that chemical 
action is entirely stopix-d.'* 

This inverse action of the waves of long wave-length has 
been utilised by Waterlumsi' for the photography of the infra- 
red spectrum. The method has lanm d<’velo{HHl by Millo- 
chau,* who tints the plates with a colouring njedium, such as 
malachite green, then " solarises '' them by exjmsur*! to wlute 
light, and finally cxix>st« them to tlie infra-red sjiectrum. 
Photographs of the solar sjx'ctnim have Ix'en obtained from 
750 fifi to 950 ftfl. 

It is significant that the red and infra-red rays of the 
spectrum have the (iffect of accelerating the exhaustion of a 
phosphorescing Ixxly (Bectpjerel). We have seen tluit Lenard 
explains this by supixising tliat the long waves shake uj) the 
larger systems (S-atoms) to which the separated electrons 
have become attached, and so mak«‘ it easic*r for the electnms 
to return to the metal atoms. It would apjxnir that a similar 
explanation might lx- applied to the inverse action of the 
long waves in chemical and pliotogcaphic prex-esses. 

The Latent Imaok oe the PiKmHHueitu: Plate 

The nature of the developable image pnxlucetl on a plxito- 
graphic plate has lx;en the subject of much controversy, f 
Does a chemical or a physical change take place in the silver 
salt when a " latent " image is prtxiuced ? On this <iuestton 
we may quote the words of Chapman Jones.J 

* Millochau, C. Itt 142 , pp, 14 * 47 - 1 4 * > 11 * ; 142 , pp, lull 1 m* 

t The viewi of varioui liiventigatorM have tjcillectetl In a iitrie* 
lengthy papers by W, Bmcxutt m the Jmrmi »/ i%y$mmi 
1911-1913. 

t Chapman Jonei* Thi Sewnm md Prmim &f PM»impky» 0»ptiir .XVI* 
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“ A chemical change must be preceded by a physical change ; 
there must be a movement or commotion within the molecule 
before actual decomposition takes place. The question, 
therefore, is not whether the change is chemical or physical, 
but whether it is physical only, or whether it passes beyond 
the physical stage to an actual decomposition. Ihere cer- 
tainly is some change, and therefore there is a physical change ; 
but while some consider that this is followed by decomposition, 
others, including the author, consider that the balance of 
evidence is overwhelmingly against decomposition.” 

The experiments of Wiener have shown that the direction 
of vibration in polarised light which produces photographic 
action is perpendicular to the plane of polarisation ; in other 
words, it is the electric vector in the light wave which is re- 
sponsible for the photographic effect. Thus the physical 
change in the photographic plate is due to the electric vector. 

In his interesting presidential address to the Photographic 
Convention of the United Kingdom Professor J. Joly* puts 
forward the hypothesis that " the beginnings of photographic 
action involve an electronic discharge from the light sensitive 
molecule — ^in other words, that the latent image is built up 
of ionised atoms or molecules, upon which the chemical effects 
of the developer are subsequently directed.” 

In support of this hypothesis he quotes the experiments of 
Dewar, who found that the latent image is formed at tem- 
peratures approaching the absolute zero.f ” I'his compels us 
to regard the fundamental effects in the film as other than 
those of a purely chemical nature. We must seek for the 
foundations of photographic action in some physical or intra- 
atomic effect. We must turn for guidance to some purely 
photo-physical phenomenon. Such an effect is ‘ photo-elec- 
tricity.’ ” 

Joly showed that aluminium and silver bromide are photo- 
electric at about the temperature of liquid air. We have 
already seen that, apart from secondary effects, photo-electric 
activity is independent of the temperature. 

* Joly, Nature, 72 , p. 308, 1905. 

t At - 180® C. Dewar found 20 per cent., and at 251.5® C. 10 par cent., 
of tlie normal photo grapMc effect. 
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The haloid salts of silver arc vigorously photo-electric, and 
possess an activity in the descending order, hroniide, chloride, 
iodide. This is tlie order of their photographic sensitiveness. 
Sensitisers are also photo-electric, their activity being depen- 
dent on the absorjdion of light of some particular colour. 
An ctBcient sensitiser must dye the silver halide grain and 
not merely stain tlie plate. 

We may note also that the photograjdsic image is produced 
by Rontgen radiation atui by Hccquerc! radiation, which are 
both known as ionising agents. In this cmmecticm it is in- 
teresting to remark that the a rays have the same range of 
action wludher tested by the ionisation produced i»r by their 
photographic or phosphoresi’ent action.* ICxjKTiments carried 
out by C. G. Barkla prove that the results obtained in the 
examination of the characteristic *' fluorescent " Rontgen 
radiation of an element arc? tin: same whetluT the ionisation 
method or the photographic metljod is employed. 'Hie 
evidence seems conclusive that the pliotograjduc process 
is primarily a result of ionisation. 

In their recent work on the? theory of the photographit? 
process, Sheppard and Mees f favour the view that the iot^isa- 
tion brings about a chemiced change, and tlie ehemi«-al product 
is the so-called latent imagt*. They think it probable that 
the half-halide (Ag^X) is formed and is jiresent in solid solu- 
tion in the remaining halide. This view is widely aeeepted 
at the present time, though it is doubtful whether any direct 
evidence has been brought forward to firove that halogen 
is set free in the prcKluction of a normal latent image. 
There arc many substances, known to be halogen al)sorbt?nts, 
which have no influence in affecting the rate of production 
of a latent image, thovigh most of them do affect the rate of 
production of a visible image when it is certain that halogen 
is being set frce.f 

Rwtherftini !*hii. Miif., 10 , July. : iimiimfimiiy, pp. 

546-S4;. 

t Sheppard mkI ik0 Tkm*fp af ik§ Pkttitfgmpki^ 

Promss (I^rngmaiii. 

t See a diiicuwieii in a |m|>§r by Haugtr Slieplierid in tlie i*ki40impkm 
Journal, SS, pp, 349-357. 1911. 
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It is fair to claim that the onus of proof lies with those 
who suggest a chemical change, for there is undoubtedly a 
physical change taking place, and this physical process is. 
capable, in the light of recent work, of explaining many of 
the properties of the latent image. There may be outstanding 
difficulties, such as those connected with the action of oxidising 
agents, but it is not impossible that these may be satisfactorily 
explained. 

We proceed to an examination of the physical theory of 
the latent image based on plioto-electric action. 

Let us suppose that a gel containing grains of silver halide 
is illuminated by monochromatic light. Then photo-electrons 
will be liberated fi’om each grain and, in accordance with the 
results obtained with metal surfaces, the maximum velocity 
may be taken as dependent on the wave-length of the light, 
the velocity increasing as the wave-length diminishes. The 
liberated electrons, after moving for a short time amongst 
the surrounding molecules, as molecules of air are supposed 
to move in the interior of a sponge, become attached to neigh- 
bouring molecules of the gel. When the illumination ceases 
a fairly stable arrangement results, consisting of a central 
grain which is positively charged surrounded by a portion of 
the gel, roughly spherical in form, in which negative electrons 
are disseminated. Tlic radius of the sphere will depend upon 
the velocity of emission— -that is, on the wave-length of the 
exciting light. 

The latent image thus formed is not absolutely permanent. 
The gradual destruction of the image, or '' photo-retrogres- 
sion," has been studied by Baekeland and others.* According 
to our view, this is to be explained by the gradual return of 
electrons to the parent atom, as in Lenard’s theory of phos- 
phorescence. It is significant that Baekeland found photo- 
retrogression to be very marked in the case of plates, films, 
or papers kept at a temperature of from 40° to 48“ C. for 3 
days, while it was not noticeable even after two weeks if the 
temperature was from 1° to 4° C. This corresponds exactly 
to the increased rate of decay of phosphorescence due to rise 

^ B&ekeknd, Journ, of Phys, Ohm., 16 , pp. 314-323, 1911. 

0 
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of temperature, and may be explained in the same way, as a 
■conseciucnce of tlu; increased rate of vibration of the molecules 
to which the electrons are attached ; for thus tlu? chance of the 
return of an electron to tlu^ silver halide grain is increased. 

Objection has been raised to such a physical theory of the 
latent image on the ground that the assumed stability of the 
free electric cliarges remains um“x plained. To this we may 
reply that these charges are loi-ated within the substance of 
the solid. The figures which are usually given for the eU*c- 
trical I'li.sistivities of insulators are in many cases nothing more, 
than the re.si.stances of the surfaces. As a {)arallel case we 
may draw uttemtion to tlu* phenomena of thermolumiiu'scence. 

Another point of significance in connection with this ob- 
jection is the fact that in the DaguerrotyjH’ process the latent 
image was so evanescent that it was necessary to carry out 
the development sliortly after the exjrosure. 

The view that the processes taking phu'e in the photo- 
graphic. plate are analogous to those postulated by I,enard in 
connection with phosphorescence is to some extent supported 
by the fact that the sensitive film fluoresces under the influenee 
of Rontgen r;iys and radiuni rays.* In his original com- 
munication announcing the* discovery of the X-rays. Kt'mtgen 
says : " It appears qiutstionable, howeva-r, whether the 

chemical action on the silver salts of the photograpliic plates 
is directly caused by the X-rays. It is possible that this 
action irroeeeds from the fluon'seent light wliieh is i)rodu<-ed 
in the glass plate itself, or perhaps in the layer of gelatin. 
‘ Films ’ can be used just us well as glass plates." Thus it 
appears that Ri’mtgen susjxicted fluorescence in tlic photo- 
graphic film itself, but his siiggestiun that the light of fluo- 
rescence is sufficient to cause appreciable chemical action is 
not borne out by some exjuTiments of the writer.f The 
evidence points rather to the view that the jiroduction of 
luminescence and the formation of the latent imsige are pro- 
cesses of the same character, each being due to tlie liberation 
of photo-electrons by light. 

*** H. S. Allen, Pmc* Phii, Sac. Gimgaw, p. US* ipjj. 

t Pmc. Roy. Phil. Sac, Glm^tm, p. jij, 194,15. 
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Photographic Reversal 

It has been proved experimentally that the mass of silver 
reduced per unit area of a photographic plate is proportional 
to the density measured photometrically. A curve may be 
plott(;d showing the relation between the density of the de- 
veloped plate and the time of exposure. The density increases 
I'ajudly at first, tlien more slowly, until it reaches a maximum. 
This may be called the first critical point. With a longer 
<'xposure the density begins to diminish, and reversal of the 
imago sets in. At length a second critical point is reached, 
where tlu! density has a minimum value corresponding to a 
destruction of the imago. With prolonged exposure the 
density once more increases and the second reversal of Janssen 
is obtained. 

Tlu'se variations in density arc well illustrated in a repro- 
duction of a print obtained by J. Sterry.* 

Photographit: reversal has been investigated by R. W. 
Wood,t who describes four or five different types of such action. 
The most interesting types from a theoretical standpoint are 
the ordinary over-exposure reversal, and the reversal due to 
the action of a second stimulus. In the first case reversal is 
liroduced by an exposure three or four hundred times the 
normal. The effect can be brought about either by ordinary 
light or by Rdutgen rays. In the second case the result pro- 
duc-ed depends on the order of application of the stimuli. If 
these are arranged in the following order, pressure marks, 
Kontgen rays, light shock, and lamplight, the impression due 
to any one c!in be reversed by any other which follows it in 
the list, but in no circumstances by any one preceding it. 

Joly has suggested that the phenomena of recurrent re- 
versal may po.ssibly be explained on the view that the latent 
image is built up of ionised atoms or molecules. The potential 
between groups of ions may rise until at length a state is 
atttiined in which spontaneous neutralisation takes place. He 
points out that R. W. Wood’s results may be capable of ex- 
planation on these lines. 

* sterry, Phot. Journal, 86, pp. 320-322, 1911. 
t R. W. Wood, Phil. Mag., 6, pp. 577-S87, 1903- 
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If we adopt the view already suggested, and trace out an 
analogy between Lenard's theory of phosphorescence and the 
formation of a latent image, a certain amount of light may 
be thrown on these phenomena. We assume that the electrons 
expelled from the silver halide become attached to molecules 
of the surrounding dielectric. If these molecules are set in 
vibration by some external stimulus, such as radiation of 
long wave-length, the electrons will be enabled to enter again 
into combination with the atoms from which they were 
liberated. This recombination is of course effected by the 
electrostatic forces between the oppositely charged particles. 
If recombination is not assisted in this way, the electrostatic 
field will increase under the continued action of light, until, 
as Joly suggests, spontaneous neutralisation takes place with 
the destruction of the latent image. The same processes will 
then recur, giving rise to the second reversal of Janssen. 

It would thus appear that there are two processes that 
may bring about, either independently or in conjunction, the 
destruction of the latent image — \iz. an increase in the motion 
of vibration of the molecules, and an accumulation of electric 
charges of opposite sign. 

The remarkable phenomena connected with the reversal of 
the image may perhaps be explained by means of the model 
suggested above. First we may draw attention to the peculi- 
arities observed when the excitation is due to an intense light 
lasting for a very short time, or a “ light shock.” We have 
seen that the electrons after being liberated remain for some 
short period in a free state, but finally become attached to 
the surrounding molecules. In the case of continuous illu- 
mination by an ordinary source of light, the electrons first 
liberated become fixed and will then produce an electric field 
opposing the emission of later electrons and altering the final 
arrangement. In the case of a light shock, however, the elec- 
trons will be emitted in a rush, and will not have become 
attached to outside molecules before the emission ceases. 
Thus we should expect a different final distribution. 

R. W. Wood proved that the duration of the light shock 
to give the Clayden reversal must not exceed sec., while 
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the olfoct could be obtained without difficulty when the ex- 
posure was less than sec. In these experiments an arc 
lamp was used as the source of light. 

When the photographic plate is exposed to a number of 
stimuli in .succession the effect produced depends on the order 
in which the exposures are made. One stimulus differs from 
another in the velocity with which the electron is ejected from 
the atom, and perhaps also in the class to which the electron 
must be assigned. Considering only differences in velocity, 
let tis suppose that two exposures are made, the first causing 
an emission of electrons with large velocity, the second causing 
electrons to be set free with smaller velocity. We should 
then expect the electrons to be arranged, roughly speaking, 
in concentric spherical shells, somewhat resembling the pleo- 
chroic halos in crystals of mica discussed by Professor J. 
Joly,* and attributed by him to the emission of a particles 
from a radio-active nucleus. But it must be noticed that 
the presence of the charges due to the first stimulus sets up 
an electric field opposing the emission of the slower electrons 
due to the second stimulus. Consequently the velocity of 
these will be still further diminished, and they will not be 
able to travel so far from the parent atoms. Thus the radius 
of the inner shell will be decreased, and the stage at which 
spontaneous neutralisation of the charge within this shell 
takes place will be the more readily reached. The disturbance 
produced by this neutralisation will be sufficient to upset the 
equilibrium of the particles at a greater distance from the 
centre, so that the electrons in the outer shell under the influ- 
ence of the central attraction will effect their return to the 
silver halide grain. In this way destruction of the latent 
image can be brought about. 

Let us next consider the case in which the first exposure 
sets free slowly-moving electrons, while the second causes an 
emission of electrons with large velocity. These rapidly- 
moving electrons will have to pass through a shell of attached 
electrons due to the first exposure, and in consequence their 
velocity will be somewhat diminished. Thus their final dis>- 
• Joly, Phil. Mag.. Ifl, pp. 327-330, 1910. 
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tanc'C from the centre will Ih> smaller than it woukl have 
been otherwise, but tin* jxtsition of the iiuier shell of attached 
electrons remains unafh'cted. In consecjuence. neutralisation 
would only be brought alxiut after prolonged as tion of the 
second stimulus. 

'I'o make this clearer, let us imagine that a negative charge 
A is <listribut(*d uniformly ov«'r the surface of a sjduTe of 
radius a, and that a secontl charge B is tli>trilmted over the 
surface of a larger sjihere of radius b. The cnrresi)onding 
positive charge A+B iH'longs to tlu* central nucleus. We 
assume that neutralisation can only take place wlieu the 
value of the electric intensity lxHa)mes great enough to sepa- 
rate one of tlu! electrons frtun the moU‘cuIe to which it has 
become attached. 'Hie magnitude of the electric intensity 

A 4. B 

at a point on the inner sphere . and at a jKiint on the 

outer sphere is The former magnitude is always greater 

than the latter — that is, neutralisiition is always initiated 
from the inner shell of electrons. Now in the (‘ast! we are 
considering a is not affected by the second stimulus, so that 
we can only bring alxait lumtralisation by giving a larg*; value 
to IJ— that is, by prulojiged action of the second stimulus 
producing electrons of high velocity. 

In the case previously considtrred, where tlu* tdei trons with 
large velocity arc the first to be emitted, «. as we have seen, 
becomes small, and therefore a small value of A will b«* suffi- 
cient to bring about neutralisation. 

This of course is only a crude illustration, as the electrons 
will be neitlier arranged symmetrically nor distributed over 
a spherical surface, but it may serve to show how the resulting 
effect may be deiiendent on the order of appii«-ation of the 
stimuli. 

The order given by K. W. Wcxid is pressure marks. X-rays, 
light shock, and lamplight. We have advanced a reason for 
believing that the electrons emitted under the influence of a 
light shock will be found at a greater distance from the centnd 
grain than those emitted under the influence of lamplight. 
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We know tlnit the electrons emitted through the incidence of 
X-rays have greater velocities (between lo* and io“ cm. per 
sec.) than tliose of tire photo-electrons (about lo® cm. per sec.). 
Tf the proposed theory is correct, the velocity, or at least the 
displacement, of the electrons due to mechanical pressure 
must be still greater. 

Tht^ considr;rations just advanced suggest that it should 
be more dilhcult to produce reversal by the continued action 
of a single stimulus, when the displacement of the electrons is 
large than wlum it is small. The experimental evidence at 
present available is not suHicient to enable us to decide definitely 
whether this is so or not, but experiments still in progress lend 
some support to the suggestion made. 

The hypothesis may also help to explain the variations 
observed in the sensibility of the emulsion with the size of 
the grain. It is well known that the grain in a rapid plate is 
considerably largi-r than the grain in a slow plate ; in the 
process of ‘‘ ripeming ” there is a noticeable increase in the 
size of tlui halide particles. Apart from the accompanying 
change in the absorption for light, there will be an effect due 
to the change in the strength of the electro.static field which 
opposes the issue of electrons from the particle. In the case 
of a gi'uin of radius r from which a number of electrons have 
escaped, kniviug it with a positive charge e, the strength of 

c 

the field at the surface of the grain will be Thus with small 

grains tlu; field may soon become sufficiently strong to prevent 
the emi.ssion of further electrons, so accounting for the in- 
sensitive character of the emulsion, and also for the fact 
recorded by Liippo-Cramer * that solarisation occurs less 
readily tlu; finer tlie grain, no solarisation at all being found 
when the grain is extraordinarily fine. 

ITic “ reciprocity law '' of Bunsen and Roscoc states that 
provided that It, the product of the light intensity and the 
time, be constant, the photo-chemical effect of an exposure 
will be the. same whether the intensity or the time be altered. 
For photographic plates this law fails to hold, and various 


* I.Qppo-C'ramer, Phologmphische Probleme, p. 146, 1907. 
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mo(lific:itions * huvo iH'on propowd. ('loscly oonnec tt'd witli 
the failure of this law is tlie fact that a serit's of intermittent 
exposures dt) not yield the same result as a eontimums ex- 
posure for the same total time. These phemnnena rt'eeive an 
explanation by means of the phy.si<'al theory here sufigested. 
In considering the effect of any given exposure we liave to 
take into account the numlHT of electrons that return to the 
parent grain. This " failing loss " is prohalrly a most im- 
portant factor, but we must also consider the effect of attached 
electrons in retarding tlu* emission of latiT electrons from the 
silver halide. It is possible that a quantitative explanation 
of the observed fai ts could be developed from this point of 
view. 

The electron theory of the devehipable image here put 
forward possesses much greati'r flexibility tlian the chemical 
theory, whose supporters liave bixm eom|H'Iletl to suggest the 
existence of two or three different latent images or two or 
three sub-lialides in order to account for tlie complex facts of 
observation. This complexity h.is l)cen accentuated by the 
study of the photographic action of the Rontgen and Recquerel 
radiations. Th<* physical theory explains these differences by 
the variations in the veloeity and resulting displacement of 
tlie elei’trons ; it affords a clue for disentangling the pheno- 
mena of reversal, the effect of the size of the grain and of the 
composition of the emulsion ; and finally, it suggests a field 
for further resi'arch in connection with the photo-electric 
activity of the? substances employed, the jxmetrating {xjwcr 
of the electrons, :md the dielectric properties of the binding 
material. 

♦ Sht'ppard anti Thmwy of ih$ Phutoj^mpkk Prm 4 %%, pp. 414-334 ^ 

J, Stark, Atm» d, pp* 191 1. 
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